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Abstract

Atmospheric blocking is a large-scale phenomenon in the mid- and high latitudes and
linked to the occurrence of extreme weather. This works investigates dynamical drivers
of atmospheric blocking in the North Atlantic–European region. A process-based exami­
nation of the blocking life cycle is carried out in a Rossby wave-centered framework and
with a particular focus on Nakamura and Huang's “traffic jam” theory of blocking onset.
Rossby wave activity and waveguides are assessed based on diagnostics local in time and
space and applicable during the non-linear stages of the blocking life cycle. Ensemble sen­
sitivity analysis, compositing and a weather regime classification support the analysis of
blocked regime life cycles. A novel localized atmospheric background state is constructed
and its value for diagnosing waveguides illustrated.

A 2016 winter block and multi-event composites of blocked weather regimes feature im­
portant characteristics expected from the traffic jam theory such as enhanced upstream
zonal wave activity flux and nonlinear suppression of zonal wave propagation at the loca­
tion of the block. The traffic jam description of block onset applies in the case study and
regime analysis at least regionally. An attribution of the 2016 block onset to the traffic
jam mechanism is considered possible based on the presented evidence and a comparison
to the theoretical model. At the same time, the suppression of zonal wave propagation is
not the dominating process for all blocked weather regime composites. While Greenland
Blocking is most traffic jam-like on average, zonal local wave activity flux suppression ap­
pears to be of minor relevance for the evolution of the European Blocking composite.

A “rolling zonalization” procedure is introduced for computing an atmospheric background
state of potential vorticity that is longitudinally varying and slowly evolving without a
need for temporal aggregation of information. The state's waveguide occurrence statis­
tics reproduce known climatological storm track patterns and wave propagation proper­
ties identified from the weather regime composites in the local wave activity framework
well. Meaningful waveguide properties are captured even in the presence of finite-ampli­
tude waves and closely resemble the observed stationary Rossby wave patterns in a study
of the exceptional Northern Hemisphere summer of 2010, improving on traditional diag­
nostics. A split regional waveguide pattern diagnosed in summer 2010 is reminiscent of
fundamental background state patterns frequently assumed in blocking theories.

The separation of waves from a background state is central to wave-based frameworks for
understanding the synoptic- and large-scale atmosphere. The results from this work em­
phasize that diagnostics for both components should be local in time and space when ap­
plied to blocking. While this requirement increases the complexity of data-driven studies,
it opens new possibilities for evaluating atmospheric data in terms of wave-based concep­
tual models for the blocking life cycle.
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Chapter 1: Introduction 1

Introduction 1

The major research questions addressed by the present work are formulated and placed
in the context of the overarching objectives of the Waves to Weather research center. A
short summary of the approaches to addressing these research questions is given and
the structure of the following content outlined.

1.1 Waves to Weather

The work presented in this thesis has been carried out within the Waves to Weather
(W2W) collaborative research center. The primary objective of W2W was to investigate
the limits of predictability of weather through improvements in the understanding of its
physical basis (Craig et al. 2021). While the quality of weather forecasts has improved
continuously over the last decades (Bauer et al. 2015; Stern and Davidson 2015; ECMWF
2025), it is well known that the achievable forecast skill is fundamentally limited by the
chaotic nature of the atmosphere, initial condition uncertainty and upscale error growth
(Lorenz 1963; Lorenz 1969; Durran and Gingrich 2014; Selz et al. 2022). The forecast skill
horizon of weather is generally expected to be found at around two weeks, but depends on
the spatial and temporal scales considered as well as the prevailing flow conditions (Buizza
and Leutbecher 2015; Ferranti et al. 2015; Matsueda and Palmer 2018; Selz 2019; Zhang
et al. 2019).

Studies have highlighted transitions into atmospheric blocking, a flow pattern in which
the usual eastward propagation of weather systems is locally stalled in the extratropics
(Lupo 2021), as a challenge for numerical weather prediction models (Rodwell et al. 2013;
Ferranti et al. 2015; Magnusson 2017). On the surface, this may appear counterintuitive
as blocking events are persistent flow patterns of large spatial extent and could thus be
expected to present a source of predictability in the atmosphere (Lorenz 1969; Buizza and
Leutbecher 2015). However, it is also known that scale interactions, i.e., processes likely
to stimulate upscale error growth and limit predictability, are of importance for blocking
and its precursors (e.g., Shutts 1983; Colucci 1985; Nakamura et al. 1997; Pfahl et al.
2015; Luo et al. 2023). The potential and challenge that blocking presents for atmospheric
predictability make it an interesting phenomenon to study, particularly in view of advances
in weather forecasting on the subseasonal time scale.

In W2W subproject A8, “Dynamics and predictability of blocked regimes in the Atlantic-
European region”, dynamical processes and mechanisms of blocking onset and their impact
on the predictability of the phenomenon have been investigated. As part of this subproject,
the present work adopts a Rossby wave perspective on atmospheric blocking in the North
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Atlantic–European sector. This perspective complements the work of other researchers in
the subproject who focus primarily on the evolution of potential vorticity anomalies and
weather regimes (Teubler and Riemer 2021; Hauser et al. 2023; Teubler et al. 2023).

1.2 Research Objectives

The overarching objective of this thesis is to advance the understanding of atmospheric
blocking, particularly its onset in the North Atlantic–European region. A wave perspec­
tive is taken to quantify and evaluate processes that contribute to the evolution of block­
ing events and interpretations of the results in terms of Rossby wave development are
sought. Particular attention is paid to the “traffic jam” mechanism of blocking onset of
Nakamura and Huang (2017, 2018) and its implications for the predictability of blocking.
Our methodology builds strongly on the local wave activity (LWA) framework of Huang
and Nakamura (2016, 2017). Wave amplitude is quantified in terms of LWA and a novel
technique based on the computation of the atmospheric reference state underlying LWA
is developed to assess the state of the extratropical waveguide. This combination of diag­
nostics allows for a local evaluation of the Rossby wave amplitude evolution, from synop­
tic-scale forcings and blocking precursors, to large-scale waveguides and their interactions
with superposed propagating waves.

The specific research questions pertaining to the overarching theme of this work are for­
mulated as follows:

1. Can we find evidence for the traffic jam mechanism of blocking onset in an observed
blocking event? If so, does the mechanism have an impact on the predictability of the
onset event?

We carry out an attribution-like study and evaluate a case of blocking with respect
to the characteristics of the traffic jam onset mechanism of Nakamura and Huang
(2018). We map the relationship between the strength of the block and propagation
characteristics of an oncoming precursor wave packet from upstream with an ensemble
sensitivity analysis, looking for imprints of threshold behavior as exhibited by the
idealized traffic jam model. The validity of the empirical basis for the assumptions
of the traffic jam model is further tested at the time of onset based on our event-
specific ensemble of model forecasts. The LWA framework allows for a consistent
quantification of both the upstream wave propagation and the block development and
is further consistent with the traffic jam theory which originates in the framework.

2. Which processes govern the life cycles of blocked weather regimes?

Based on a weather regime classification and multi-decade reanalysis dataset, we create
composites of zonal wind and LWA diagnostics for seven North Atlantic–European
weather regimes, including four blocked regimes. We characterize important periods
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of the regime life cycles in terms of Rossby wave amplitude and propagation and aim
to identify the governing physical processes in the composite regime evolution.

3. How can waveguidability be diagnosed reliably on a local scale?

We implement a new procedure to extract an atmospheric background state that
allows for a local assessment of Rossby waveguides, improving over existing spatial
or temporal filters that achieve locality in space at the expense of locality in time
and vice versa. Basing the procedure on the zonalization used in the computation
of the reference state for LWA, we further aim to circumvent issues due to artifacts
generated by linear methods when applied to finite-amplitude flow. Waveguidability
as diagnosed from the gradient of potential vorticity of our localized background state
is evaluated in climatological terms and in two contrasting cases of wave propagation.

4. Do local assessments of waveguidability matter for our understanding of the role of wave­
guides for blocking?

We apply our local waveguide diagnostic to extend the traffic jam sensitivity and
weather regime composite analyses with a background-state perspective on wave prop­
agation. We further evaluate and discuss the underlying assumptions of some blocking
theories that rely on the existence of circumglobal waveguides and linear waveguide di­
agnostics in a case study of the blocking system associated with a prominent heatwave
in the summer 2010.

These research objectives are based on the original proposal for W2W subproject A8
by V. Wirth, M. Riemer and C. M. Grams, with adaptations as responses to challenges
and opportunities encountered during the research. They build on the weather regimes
classification of Grams et al. (2017) and earlier work with local wave activity in W2W by
Ghinassi and collaborators (Ghinassi et al. 2018; Ghinassi et al. 2020).

Central themes of Waves to Weather are addressed in this work through the possibilities
of identifying processes and mechanisms that contribute to upscale error growth in the
atmosphere from within the LWA framework. We look for opportunities to enhance prac­
tical sub-seasonal predictability by capitalizing on persistent circulation features in the
form of weather regimes and Rossby waveguides. The research questions are furthermore
posed to touch on important problems at the interface of various strands of current block­
ing research, with potential to contribute to the process of understanding and connecting
these different perspectives on blocking and its predictability.

Specifically, research question 2 allows us to map local wave activity characteristics onto
the broader characteristics of weather regime patterns which were derived from 500 hPa
geopotential height fields. This can give us, e.g., additional indications of the appropri­
ateness of the number of regimes chosen in the classification. The combination also allows
us to evaluate the onset-focussed traffic jam theory of blocking during the maintenance
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and decay stages as defined by the regime index methodology. The localized zonalization
method developed and applied in the context of research questions 3 and 4 enables a bet­
ter evaluation of global theories of blocking and may prove valuable as a practical scale
separation technique to evaluate models of blocking based on scale interactions. While we
will certainly not close the gap between such different frameworks and theories for atmos­
pheric blocking with this work alone, we aim to support this effort in the broader atmos­
pheric blocking research community with the results and developments achieved in the
following.

1.3 Structure

Chapter 2 introduces concepts and diagnostics of large-scale upper-tropospheric extrat­
ropical dynamics in general and blocking and weather regimes in particular. Chapter 3
contains a case study of a blocking event from December 2016 in the local wave activity
and “traffic jam” framework of Nakamura and Huang (2018). In chapter 4, some results
of this case study are revisited based on updated data processing routines and reevalu­
ated in terms of their robustness. The local wave activity framework is then applied to
describe and further the understanding of winter weather regime life cycles in the North
Atlantic–European sector in chapter 5. A new procedure for the computation of an at­
mospheric background state is introduced in chapter 6, shifting the focus from the quan­
tification of waves to the characterization of the underlying waveguides. The procedure is
then used in chapter 7 to assess waveguidability during the case studied in chapter 3 and
the weather regimes of chapter 5. An investigation of waveguidability during a prominent
heatwave in summer 2010 closes chapter 7, followed by a summary and concluding words
in chapter 8.



Chapter 2: Preliminaries 5

Preliminaries 2

Some aspects of large-scale atmospheric dynamics are presented to introduce the major
subjects of this work and methods employed. Theoretical considerations are largely
confined to the barotropic model for simplicity.

An effort to avoid repetition of content found in the introductions of other chapters,
specifically sections 3.3, 5.1, 6.2 and 7.3.1, has been made, but some repetition is
inevitable due to the inclusion of self-contained publications in this work.

2.1 Equations of Motion for Barotropic Flow

Two-dimensional nondivergent barotropic flow is a simple but useful model to understand
the large-scale motions of air in the upper troposphere on Earth. The equations of mo­
tion of the barotropic model are considered here on a rotating sphere and without exter­
nal forcing. For convenience, the equations are written in a three-dimensional spherical
coordinate system in vector form as

D𝒖−−−−−−−−D𝑡 + 2𝛀 × 𝒖 = − 1−𝜌 ∇𝑝 (1a)

∇ ⋅ 𝒖 = 0, (1b)

where the wind vector 𝒖 = (𝑢, 𝑣, 0) only consists of the two horizontal wind components.
The differential operator D−−−−−D𝑡 = ∂−−−−∂𝑡 + 𝒖 ⋅ ∇ is the material derivative following the flow
and comprised of the local change and an advective term. The second term on the
left-hand side (LHS) of (1a) represents the action of the Coriolis force in the rotating
frame of reference. The rotation vector 𝛀 is directed along the planetary axis of rotation
everywhere and of magnitude Ω = 7.292 × 10−5 s−1, the angular velocity of Earth. The
right-hand side (RHS) term of (1a) corresponds to the pressure gradient force, with density
of the fluid 𝜌 and pressure 𝑝. Equation (1b), the continuity equation, ensures that the
wind field is nondivergent. Derivations in the following are based on chapters 4.2 to 4.4
of the textbook by Vallis (2006).

The relative vorticity vector 𝜻 is the curl of the wind vector

𝜻 = ∇× 𝒖 (2)

and quantifies the rotational motion of a wind field. Absolute vorticity

𝜻𝒂 = 2𝛀 + 𝜻. (3)
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considers the planetary vorticity imparted by the rotating frame of reference in addition
to the relative vorticity of the fluid. Note that only the radial (i.e., vertical) component
of vorticity is of relevance for the two-dimensional flow of the barotropic model. Taking
the curl of both sides of equation (1a) after expanding the nonlinear advective term of
the material derivative as

(𝒖 ⋅ ∇)𝒖 = 𝜻 × 𝒖 +∇( 1−2 𝒖2), (4)

eliminating all terms of the form ∇ × ∇(…) (gradient vector fields are always rotation-
free) and noting that ∂𝜻/∂𝑡 = ∂𝜻𝒂/∂𝑡, yields an equation for the local temporal evolution
of absolute vorticity:

∂𝜻𝒂−−−−−−−−∂𝑡 + ∇× (𝜻𝒂 × 𝒖) = 0. (5)

Splitting the second term on the left-hand side with the identity

∇× (𝒂 × 𝒃) = (𝒃 ⋅ ∇)𝒂 − 𝒃(∇ ⋅ 𝒂) + 𝒂(∇ ⋅ 𝒃) − (𝒂 ⋅ ∇)𝒃 (6)

and rearranging leads to an equation for the material change of absolute vorticity

∂𝜻𝒂−−−−−−−−∂𝑡 + (𝒖 ⋅ ∇)𝜻𝒂 = −𝜻𝒂(∇ ⋅ 𝒖) + (𝜻𝒂 ⋅ ∇)𝒖 + 𝒖(∇ ⋅ 𝜻𝒂) . (7)

The first term on the RHS of (7) is a divergence term and can be eliminated with the
continuity equation (1b). The second term describes tilting and stretching of vorticity in
a three-dimensional fluid, but because these processes cannot occur in a two-dimensional
fluid, the term can be eliminated in the barotropic framework as well. The third term
vanishes because absolute vorticity is always a nondivergent vector field. Absolute vortic­
ity, more precisely its radial component 𝜁𝑎 = 𝒌 ⋅ 𝜻𝒂, is therefore materially conserved in
the absence of external forcing in the barotropic model:

D𝜁𝑎−−−−−−−−−D𝑡 = 0. (8)

Equation (8) condenses the equations of motions (1) into a single scalar equation for the
material conservation of absolute vorticity.

To use (8) prognostically and solve for the temporal evolution of the flow, the wind field
required to compute the advection term in the material derivative has to be determined
from 𝜁𝑎 alone. Because of the nondivergence of barotropic flow, a scalar streamfunction Ψ
can be introduced such that

𝒖 = 𝒌 ×∇Ψ. (9)
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This streamfunction is computable from 𝜁𝑎 as the solution of the partial differential equa­
tion (PDE)

∇2Ψ = 𝜁 = 𝜁𝑎 − 𝑓, (10)

obtained from combining (2) and (9). Equations (8)–(10) provide a complete set of equa­
tions for the evolution of two-dimensional incompressible barotropic flow on the sphere,
based exclusively on absolute vorticity as a prognostic variable.

2.2 Potential Vorticity

The material conservation (8) of absolute vorticity in the barotropic framework without
forcing renders 𝜁𝑎 a potential vorticity (PV; here generally denoted by the symbol 𝑞). PV
is a fundamental variable in large-scale atmospheric dynamics and formulations of PV
are known not just for the comparatively simple barotropic model. For quasigeostrophic
(QG) approximations, an additive term involving stability is required in the formulation
of PV. General Ertel PV for the three-dimensional atmosphere is given by

𝑞 = 𝜻𝒂 ⋅ ∇𝜃−−−−−−−−−−−−−−−−𝜌 , (11)

with 𝜻𝒂 as defined in (3), potential temperature 𝜃 and density 𝜌 (Ertel 1942). For the
primitive equations approximation of the equations of motion in isentropic coordinates,
potential vorticity takes the form

𝑞 = −𝑔(∂𝑝−−−−−−∂𝜃)
−1

𝜁𝑎, (12)

where 𝑔 is gravitational acceleration and only the vertical component of absolute vorticity
𝜁𝑎 appears (Vallis 2006, their chapter 4.7.3).

The process of obtaining the wind field that corresponds to the potential vorticity distri­
bution, in the barotropic model via (9) and (10), is called PV inversion. Invertibility is
an important and highly useful property of potential vorticity. It allows for the recovery
of important characteristics of the fluid from the field of PV only through the solution of
a diagnostic (i.e., time-independent) partial differential equation subject to appropriate
boundary conditions and a balance condition that describes the relationship between the
mass and momentum fields (Martin 2006, their chapter 9.2). In the case of the nondi­
vergent barotropic model on the sphere, there are no boundaries to consider and the flow
field is always balanced, so that it can be recovered in its entirety from a PV distribu­
tion. For less approximated and three-dimensional flow, the PDE, boundary conditions
and balance conditions for PV inversion are more complex and an additional field related
to stability (e.g., potential temperature) must be solved for additionally during the inver­
sion.
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Figure 1: Circulation induced by (a) a positive and (b) a negative PV anomaly. (c) Temporal evolution of
a wave-like perturbation of a PV contour without taking background-state zonal advection into account (only
intrinsic phase propagation illustrated here). Illustrations for the Northern Hemisphere based on Fig. 9.8 of the
textbook of Martin (2006).

The fields of output variables obtained from PV inversion are generally smoother than the
corresponding input PV field, due to the elliptic nature of the underlying PDE. Inversion
is further a nonlocal problem, i.e., the solution at any point in space depends on the PV
field everywhere. At the same time, the inversion can be solved in a piecewise fashion,
i.e., a partial global solution can be obtained from only a part (local region or anomaly)
of the PV field. This is an important technique in large-scale atmospheric dynamics and
synoptics (Martin 2006, their chapter 9.5) as individual PV anomalies can be associated
with their induced circulation and stability anomalies and thus analyzed in isolation. On
the Northern Hemisphere, positive PV anomalies are generally associated with cyclonic
circulation (Figure 1a) and negative anomalies with anticyclonic circulation (Figure 1b).
The larger the anomaly or amplitude of the anomaly, the further noticable is its impact
both horizontally and vertically (Martin 2006, their chapter 9.2).

The material conservation of PV and its invertibility property allow for a quick but qual­
itatively accurate assessment of the temporal evolution of the extratropical atmosphere,
where the balanced flow usually dominates on large scales, based on maps of potential
vorticity alone. This approach to analyzing atmospheric motion is termed PV thinking
(Hoskins et al. 1985). It has proven itself as a highly useful and reliable way to build
a qualitative and mechanistic understanding of atmospheric processes (Hoskins 2015), in
particular upper-tropospheric Rossby waves (see, e.g., Figure 1c and section 2.4), and is
backed up by quantitative results from numerical solutions of the corresponding equa­
tions (e.g., Davis and Emanuel 1991; Davis 1992; Methven 2015; Teubler and Riemer
2016; Baumgart et al. 2018; Teubler and Riemer 2021).
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Figure 2: Cross section of zonally averaged zonal wind (filled contours), potential temperature (light contour
lines, every 𝟣𝟢 𝖪) and Ertel potential vorticity (bold contour lines, every 𝟤 𝖯𝖵𝖴, zero omitted) on 13 July 2010
based on ERA5 reanalysis data.

2.3 Upper-Tropospheric Jet Streams

For the large-scale extratropical flow, rotational effects generally dominate over the influ­
ence of nonlinear advection. Dropping the nonlinear advection term in equation (1) and
assuming that the flow is stationary, one obtains a balance of

−2𝛀× 𝒖− 1−𝜌 ∇𝑝 ≈ 0, (13)

where, as before, only the horizontal wind vector components are considered (Vallis 2006,
their chapter 2.8.2). The first term of the LHS is the Coriolis force, diverting air parcels to
the right of the direction of motion on the Northern Hemisphere. The second term is the
pressure gradient force, accelerating parcels towards regions of lower pressure. A balance
of these two forces is called geostrophic balance and the horizontal wind 𝒖g = (𝑢g, 𝑣g)
attributable to this balance, with components

𝑢g = − 𝑓−−−−−−𝜌𝑎
∂𝑝−−−−−−∂𝜙 and 𝑣g = 𝑓−−−−−−−−−−−−−−−−−−−−𝜌𝑎 cos(𝜙)

∂𝑝−−−−−−∂𝜆, (14)

is the geostrophic wind, with Coriolis parameter 𝑓 = 2Ω sin(𝜙) and radius of the planet 𝑎.

In the troposphere, the midlatitudes of Earth are zones of meridional temperature con­
trast. Warm air is generally found in the tropics and subtropics, while cold air is found
around the poles. The horizontal temperature gradient in the intermediate latitudes
leads to a meridional pressure gradient at height, since pressure decreases faster in the
denser cold air compared to the less dense warm air. By geostrophic balance (14), this
meridional pressure gradient at height is associated with an eastward zonal flow on both
hemispheres, the so-called thermal wind. Thermal wind is an important contributor to
the emergence of generally zonally-oriented bands of strong upper-tropospheric wind (the
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jet streams or just jets), though these are also maintained by other dynamical mechanisms
such as momentum flux convergence due to eddy activity (Vallis 2006, their chapter 12.1).

The co-occurrence of tropospheric meridional temperature gradients and jet streams is
illustrated for a snapshot of the zonally-averaged atmosphere in Figure 2. Horizontal
temperature gradients in the extratropics are discernible from isentropes cutting across
levels of constant pressure below 200 hPa. A strong and broad jet stream is seen in the
upper-tropospheric zonal-mean zonal wind on the winter hemisphere while two distinct
weaker jets are found on the summer hemisphere. The locations of the subtropical jets
in particular coincide well with the latitudes of the strongest meridional temperature
contrast below. The locations of the zonal-mean jets also coincide with the strongest
gradients of zonal-mean potential vorticity on pressure or isentropic surfaces. Because
the shape of the PV contours from each pole to the equator resembles that of stairs with
a step at each occurrence of a jet stream, the term “PV staircase” is sometimes used to
describe the extratropical distribution of PV and its correspondence to the occurrence of
the jet streams (Dritschel and McIntyre 2008).

2.4 Extratropical Rossby Waves

Despite finding strong zonal winds in the zonal-mean upper-tropospheric circulation (Fig­
ure 2), the prevalent midlatitude jet streams are almost never perfectly zonally oriented
bands of wind at any single point in time. Instead, the jets and their associated regions of
strong PV gradient exhibit meridional excursions which can reach substantial amplitude
at times. These excursions are often part of meandering patterns, so-called Rossby waves
(Rossby et al. 1939; Haurwitz 1940; Platzman 1968; Rhines 2003) or Rossby wave packets
(Wirth et al. 2018). Such wavy structures can be seen, e.g., in the horizontal wind and
PV fields of Figure 3, which correspond to the Northern Hemisphere zonal-mean struc­
ture shown in Figure 2. Rossby waves constitute an important part of the general circu­
lation on Earth and have substantial influence on what is experienced as weather on the
surface, particularly in the extratropics.

Rossby waves are a solution of the horizontal equations of motion of a rotating atmos­
phere and arise along horizontal gradients of potential vorticity. The background gradi­
ent of planetary vorticity, further enhanced by almost step-like changes of PV across the
jet streams, provides this necessary condition for Rossby waves in the extratropical at­
mosphere of Earth. To simplify a derivation here, we consider barotropic flow on a Carte­
sian 𝑥-𝑦-plane tangential to the midlatitudes. On this so-called 𝛽-plane, the Coriolis pa­
rameter is approximated as a linear function of the meridional coordinate, i.e.,

𝑓(𝑦) = 𝑓0 + 𝛽𝑦, (15)
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Figure 3: Northern Hemisphere 𝟤𝟢𝟢 𝗁𝖯𝖺 Ertel potential vorticity (filled contours) and horizontal wind vectors
(arrows where |𝒖| > 𝟣𝟢 𝗆 𝗌−𝟣) on 13 July 2010 based on ERA5 reanalysis data.

with constants 𝑓0 and 𝛽 (e.g., chosen as 10−4 s−1 and 1.6 × 10−11 s−1 m−1, respec­
tively, to represent the Northern Hemisphere midlatitudes). The material conservation of
barotropic potential vorticity 𝑞, i.e., absolute vorticity (8), is given by

D𝑞−−−−−−−D𝑡 = 0, with 𝑞 = 𝑓 + ∂𝑣−−−−−−∂𝑥 − ∂𝑢−−−−−−∂𝑦 . (16)

We prescribe a zonally symmetric basic state profile of PV 𝑞0 that satisfies (16) and
linearize (16) about this state. For the perturbation potential vorticity 𝑞′ = 𝑞 − 𝑞0, we
obtain the linearized barotropic vorticity equation

∂𝑞′−−−−−−−∂𝑡 + 𝑢0
∂𝑞′−−−−−−−∂𝑥 + 𝑣′∂𝑞0−−−−−−−∂𝑦 = 0, (17)

with perturbation and basic state wind components 𝑢′, 𝑣′ and 𝑢0 (note that 𝑣0 = 0
because the basic state is zonally symmetric). Equation (17) can be written in terms of
the perturbation streamfunction Ψ′ (𝑢′ = −∂Ψ′/∂𝑦 and 𝑣′ = ∂Ψ′/∂𝑥) and (fixed) basic
state parameters only, using the invertibility of PV:

( ∂−−−−−∂𝑡 + 𝑢0
∂−−−−−−∂𝑥)∇2Ψ′ + ∂Ψ′

−−−−−−−−−∂𝑥
∂𝑞0−−−−−−−∂𝑦 = 0. (18)

In the Wentzel-Kramer-Brillouin approximation, substituting a plane wave solution

Ψ′(𝑥, 𝑦, 𝑡) = ℜΨ̂𝑒𝑖(𝑘𝑥+𝑙𝑦−𝜔𝑡), (19)

with constant zonal and dimensional meridional wavenumbers 𝑘 and 𝑙, respectively, and
constant angular frequency 𝜔, into (18) leads to the dispersion relation for two-dimensional
barotropic Rossby waves on a 𝛽-plane and a zonally-symmetric basic state:

𝜔 = 𝑢0𝑘 − 𝛽0𝑘−−−−−−−−−−−−−−−
𝑘2 + 𝑙2

, (20)

with an “effective” 𝛽0 given by the potential vorticity gradient
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𝛽0 = ∂𝑞0−−−−−−−∂𝑦 = 𝛽 − ∂2𝑢0−−−−−−−−−−
∂𝑦2

, (21)

taking into account the meridional variation of both planetary and basic state vorticity
(Hoskins and Karoly 1981, here without the use of a Mercator projection; Potter et al.
2013).

The zonal phase speed 𝑐 = 𝜔/𝑘 of midlatitude Rossby waves is usually positive, i.e., the
troughs and ridges move eastward, because the intrinsic westward phase propagation of
the waves for 𝛽0 > 0 is usually slower than the advection of the wave pattern with the basic
state flow 𝑢0. However, stationary and even retrograde waves also occur in the atmosphere
when the basic state zonal wind is weak and are important, e.g., for atmospheric blocking
(section 2.8). As in the snapshot shown in Figure 3, Rossby waves often appear in the
form of localized wave packets (Wirth et al. 2018) with their amplitude modulated by a
larger-scale wave envelope. The group propagation associated with the envelope of a
Rossby wave packet can attain discernible components in both the zonal (∂𝜔/∂𝑘) and
meridional (∂𝜔/∂𝑙) direction (Fragkoulidis and Wirth 2020). New troughs and ridges
often emerge faster downstream than the phase speed propagates existing features of a
wave packet in the same direction, a process called downstream development (Simmons
and Hoskins 1979; Chang 1993; Chang et al. 2002).

Downstream development can be understood from a potential vorticity perspective as il­
lustrated in Figure 1c. At an initial time 𝑡, a simple ridge-trough sequence in an en­
vironment of positive background PV gradient (𝛽0 > 0, Northern Hemisphere) forms
a wave packet (black PV contour). We can apply piecewise PV inversion to attribute
anomalous anticyclonic and cyclonic circulations (arrows) to the negative and positive
PV anomalies (grey shading) of the wave packet, respectively. On the upstream side
of the ridge, the circulation anomaly advects PV northward, deflecting the (material)
contour of PV northward and thereby extending the ridge to the west. Between the
ridge and trough, the induced circulations of both anomalies constructively interfere and
push the PV contour mainly westward. On the downstream side of the trough, northward
advection of PV results in a shortening of the trough in the east and the creation of a
new ridge. As depicted for time 𝑡+ 1, the resulting westward movement of the preexisting
ridge and trough amounts to an intrinsic westward phase propagation (grey lines), while
the extension of the wave packet in the east constitutes its downstream development.

The fundamentals of Rossby wave propagation can be described and understood from
within the barotropic model and the conservation of potential vorticity only. In the real
atmosphere, however, Rossby waves additionally develop and evolve due to processes
not directly accounted for in the idealized two-dimensional barotropic framework, e.g.,
baroclinic growth (Simmons and Hoskins 1979), diabatic heating (Martin 2006, their
chapter 9.4) and orographic forcing (Hoskins and Karoly 1981; Held 1983). Wirth et
al. (2018) further review such processes in the context of Rossby wave packets. Finally,
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Rossby waves may grow into a nonlinear regime, where the assumptions of small-amplitude
waviness no longer hold. This usually leads to cutoff formation and wave breaking where
wave energy is dissipated by irreversible mixing of potential vorticity (Thorncroft et al.
1993).

2.5 Rossby Waveguides

Downstream development as depicted in Figure 1c generates stronger PV anomalies (i.e.,
troughs and ridges) when the background PV gradient is stronger, so wave packets can
be expected to evolve preferentially in and along regions of enhanced PV gradient. Two
numerical experiments with the barotropic model (8)–(10) are conducted here to further
illustrate this behavior. The first simulation is initialized with a zonally symmetric state
based on the climatological-mean 300 hPa DJF zonal-mean zonal wind. This initial state
for the simulation features a jet stream of about 30 m s−1 around 30°N (Figure 4a),
with an associated meridional gradient of barotropic PV of about 3 × 10−4 s−1 rad−1

(Figure 4b). A Rossby wave packet is generated by a prescribed forcing in the first
two days of the simulation and allowed to evolve freely. The wave packet propagates
eastward in the simulation while its amplitude weakens and after five days, no trace of a
wave packet is discernible in the meridional wind field any longer (Figure 4d).

In the second simulation, the prescribed mean jet is artifically enhanced by 10 m s−1

(Figure 4a), leading to an approximately doubled PV gradient at 30°N compared to the
first simulation (Figure 4b; note that ∂𝜙𝜁𝑎 > 0 everywhere still, to avoid barotropic
instability). The prescribed forcing remains unchanged and a Rossby wave packet is
again generated during the first two days of the simulation. In contrast to the first
simulation, the wave packet is able to propagate zonally across the entire hemisphere
along the enhanced jet and is still recognizable on day 7 of the simulation in the meridional
wind field (Figure 4e). These idealized simulations of Rossby wave propagation illustrate
the ability of strong zonal jet streams to act as waveguides and duct Rossby waves in
the zonal (along-jet) direction, by restricting meridional propagation and reducing their
dispersion.

The idea of jet streams as Rossby waveguides in the atmosphere was popularized in the
1980s based on the analysis of Rossby wave propagation in the barotropic model (Hoskins
and Karoly 1981; Branstator 1983; Karoly 1983). The waveguide framework introduced
in these early studies considers the path of propagating Rossby waves akin to the bending
of rays of light in a refractive medium, based on Snell's law of geometrical optics. The
refractive index that governs the propagation of Rossby wave rays in the atmosphere is
the stationary wavenumber 𝐾∗

𝑠 = √−−−−−−−−−−−−−𝛽0/𝑢0, which can be obtained from stationary wave
solutions of the dispersion relation (20), i.e., solving for wavenumbers 𝐾2 = 𝑘2 + 𝑙2 for
which the zonal phase speed 𝑐 is zero. Further accounting for the sphericity of the planet,
an approximate nondimensional stationary wavenumber, defined via its square
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Figure 4: (a) Climatological-mean Northern Hemisphere winter 𝟥𝟢𝟢 𝗁𝖯𝖺 zonal-mean zonal wind (black; based
on ERA5) and modified zonal wind profile with an enhanced hemispheric jet (red). (b) Meridional gradient of
absolute vorticity corresponding to the climatological (black) and enhanced (red) jet configurations. (c) Real
component of the stationary wavenumber corresponding to the profiles shown in (a) and (b). (d) Hovmöller
diagram of meridional wind (averaged over 25–35°N) of a numerical simulation with the barotropic model. The
model is initialized with the climatological zonal-mean jet and run with a localized wavemaker for the first two
days of integration (box). The map at the top shows meridional wind at the end of the simulation (day 7). (e)
Same experiment as in (d) but initialized with the enhanced hemispheric jet. The barotropic model simulations
shown in (d) and (e) are subject to a weak hyperdiffusion to ensure numerical stability.

𝐾2
𝑠 = 𝑎 cos(𝜙)2−−−−−−−−−−−−−−−−−−−𝑢

∂𝜁𝑎−−−−−−−−∂𝜙 , (22)

can be derived (Hoskins and Karoly 1981; Hoskins and Ambrizzi 1993). Nonstationary
waves can be accomodated with a few modifications if desired (Karoly 1983).

Because Rossby wave rays are refracted towards higher values of 𝐾𝑠 where 𝐾𝑠 is real, the
search for waveguides is guided by local maxima in the stationary wavenumber field. A
local maximum of 𝐾𝑠 can trap a Rossby wave of wavenumber 𝐾 if 𝐾𝑠 > 𝐾 and so-
called turning latitudes (𝐾𝑠 = 𝐾) are present on both sides of the extremum (Held
1983; Hoskins and Ambrizzi 1993). For the example of the climatological jet scenario
in Figure 4c, a waveguide at 30°N is present for wavenumbers between 6 and 7, but not
for wavenumbers smaller than 6 (no equatorward turning latitude) or larger than 7 (for
which 𝐾𝑠 < 𝐾). The enhanced jet can trap waves with wavenumbers between 1 and 8,
reflecting its much better waveguide qualities in the simulation, where the generated wave
packet has a wavenumber of approximately 5.
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The main application for waveguide diagnostics in early studies was the analysis of global
teleconnection patterns. Notably, the authors of these studies often did not rely on the
stationary wavenumber framework alone, but also considered results from idealized nu­
merical simulations and compared with correlation maps computed from reanalysis data.
This was at least partially motivated by concerns about the validity of the assumptions
that the stationary wavenumber framework is built on (Hoskins and Karoly 1981) and
which continue to be raised today (Teng and Branstator 2019; Wirth 2020). The ray
tracing theory involves an approximation which relies on the scale of the waveguide be­
ing significantly larger than the scale of the superposed wave (Karoly 1983), but such a
significant separation of scales is not always found in applications. The theory is further­
more linear, raising questions about its validity in applications where waves reach large
amplitude and nonlinear dynamics gain relevance. Despite these concerns, results from
the stationary wavenumber framework have generally been found to agree well with ob­
servations, at least in qualitative terms (Held 1983; Hoskins and Ambrizzi 1993; Ambrizzi
et al. 1995; White et al. 2022).

Taken literally, the stationary wavenumber diagnostic provides a binary view of wave­
guides as either present or not present for a given wavenumber. However, not even the
idealized simulations above suggest that this reflects the actual behavior of Rossby waves
on a waveguide. A wavenumber 5 waveguide is detected by the stationary wavenumber
diagnostic for the enhanced jet case (Figure 4c), but the amplitude of the wavenumber
5 wave packet nevertheless decreases substantially over time (Figure 4e), indicating a
leaking of wave activity out of the waveguide. Waveguidability extends the concept of a
waveguide to a nonbinary assessment of waveguide strength. Instead of an all-or-nothing
approach, waveguidability quantifies the (fraction of) wave activity that is trapped by the
waveguide rather than leaked and meridionally dispersed. In general, stronger and nar­
rower (in terms of crosswise spatial extent and shape) jets are associated with enhanced
waveguidability (Manola et al. 2013; Harvey et al. 2016; Wirth 2020). This corresponds
well to waveguide assessments based on the PV gradient, in which stronger gradients
are associated with enhanced waveguidability (Hoskins and Ambrizzi 1993; Chang and
Yu 1999; Massacand and Davies 2001; Martius et al. 2010). The interplay of a nonbi­
nary notion of waveguidability and the role of the wavenumber of a superposed wave as
highlighted by the stationary wavenumber framework remains largely unexplored.

Waveguides and waveguidability are features that should be separated in scale from the
guided superposed waves, both spatially and temporally. In theory and diagnostics, a scale
separation typically appears through a separation of the atmospheric state into a back­
ground and a wave/eddy component, with waveguidability a property of the background
state only. The required separation can, e.g., be implemented by choosing the back­
ground as a zonally symmetric state based on zonal-mean properties. Temporal filters are
used when local-in-space waveguide information is desired, or generally in addition to a
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zonal filter to ensure certain temporal properties of the background state. The develop­
ment and use of more advanced separation methods is complicated by the lack of a clear
separation scale, data requirements and computational costs. However, the simplicity of
easily computable averaging-based methods has a cost too, as artifacts may arise in the
presence of large-amplitude eddies (Wirth and Polster 2021). Wave–background separa­
tion methods for the atmosphere are a topic of current research, including as part of this
thesis (chapter 6; Polster and Wirth 2023b).

2.6 Finite-Amplitude Wave Activity

A separation of the atmosphere into a background state and wave/eddy component is
not just important for quantifying waveguides but also for quantifying the amplitude
of waves, wave packets or, generally, the waviness of the flow. In Figure 4d and 4e, the
strength of the meridional wind component served as a simple diagnostic for the location
and amplitude of the wave packets. Enveloping techniques can be used additionally to
remove the phase signal in the meridional wind field (e.g., Chang and Yu 1999; Zimin et
al. 2006; Wolf and Wirth 2017; Fragkoulidis and Wirth 2020). The resulting wave packet
envelopes are useful for feature-based studies, but they lack some convenient theoretical
properties other diagnostics have to offer (Wirth et al. 2018). Theory often relies on wave
activity as a measure for wave amplitude or waviness in general. For example, for the
linearized eddy PV equation on the barotropic beta plane (17), a small-amplitude wave
activity ̅𝐴s can be defined as

̅𝐴s =
1−2

(𝑞′)2−−−−−−−−−−−−−−−∂𝑞0/∂𝑦
(23)

(Vallis 2006, their chapter 12.1). To extend the wave activity formalism to finite amplitude
and remove the restriction of a zonal-mean perspective, a different background state has
to be introduced first.

Integrals of mass 𝑀 and circulation 𝐶 are defined for a domain that extends from a given
latitude 𝜙 to the North Pole (Figure 5b, blue shading) by

𝑀(𝜙) = ∫
2𝜋

0
∫

𝜋−2

𝜙
𝜎(𝜆′, 𝜙′)𝑎2 cos(𝜙′)d𝜙′d𝜆′

= ∫
𝜙′≥𝜙

𝜎 d𝑆 = ∫
𝜙′≥𝜙

d𝑀, (24)

with longitude 𝜆, latitude 𝜙 and radius of the planet 𝑎, and

𝐶(𝜙) = ∫
𝜙′≥𝜙

𝜁𝑎 d𝑆 = ∫
𝜙′≥𝜙

𝑞 d𝑀, (25)
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Figure 5: Illustration of the domains of integration involved in the computation of finite-amplitude (local) wave
activity. (a) The Lagrangian domain of integration (red), comprised of all points where PV 𝑞 exceeds a specific
contour value (𝑄, solid line). (b) The Eulerian domain of integration (blue), comprised of all points poleward
(here: northward) of the equivalent latitude of the PV contour (𝜙eq, dashed line). (c) The difference between the
Lagrangian and Eulerian domains with areas negatively weighted in blue and positively weighted in red. The solid
vertical lines illustrate one- (I), two- (II) and three-segment (III) paths for the local wave activity computation via
(31). Based on Fig. 1a of Huang and Nakamura (2016).

where 𝑞 = 𝜁𝑎/𝜎 is Ertel potential vorticity in isentropic coordinates. These are Eulerian
integrals since the domain of integration depends on the spatial coordinates only. In
addition, analogous Lagrangian integrals of mass 𝑀(𝑄) and circulation 𝐶(𝑄) are defined
with flow-dependent domains of integration bounded by a PV contour 𝑄:

{(𝜆, 𝜙) | 𝑞(𝜆, 𝜙) ≥ 𝑄} (26)

(Figure 5a, red shading). The distinction between the two definitions of𝑀 and 𝐶 is made
here based on the argument (latitude for Eulerian, PV for Lagrangian).

A relation between a PV contour 𝑄 and its equivalent latitude 𝜙eq is established via the
associated Lagrangian and Eulerian mass integrals, respectively:

𝑄 ↔ 𝜙eq if 𝑀(𝑄) = 𝑀(𝜙eq) . (27)

Based on the equivalence relation (27), a PV field can be “zonalized” into a zonally
symmetric background state 𝑞ref, with 𝑞ref(𝜙eq) = 𝑄. This zonalized background state
corresponds to a conservative rearrangement of PV on an isentropic surface into a zonally
symmetric state whose meridional profile is monotonically decreasing in value from north
to south (Nakamura and Zhu 2010; Nakamura and Solomon 2010). In the barotropic
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framework, where 𝜎 = 1, it is easy to evaluate (27). When 𝜎 ≠ 0 however, as for the
primitive equations, the evaluation of 𝑀(𝜙eq) is complicated by the requirement to use
the isentropic density 𝜎ref of the background state as the argument of the integral, rather
than the 𝜎 of the input PV field (Nakamura and Solomon 2011; Methven 2013). The
appropriate 𝜎ref must be computed by inverting the zonalized PV, introducing a circular
dependency. Equivalent latitude iteration with simultaneous PV inversion (ELIPVI) as
implemented by Methven and Berrisford (2015) can resolve this dependency in practice.

Using Eulerian and Lagrangian circulation integrals as defined above, finite-amplitude
wave activity (FAWA)

̅𝐴(𝜙eq) = 𝐶(𝑄) − 𝐶(𝜙eq)−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−2𝜋𝑎 cos(𝜙eq)
(28)

(Nakamura and Zhu 2010; Nakamura and Solomon 2011; Nakamura 2024) quantifies
the waviness of the contours of a potential vorticity field relative to the corresponding
zonalized background state. This construction of a zonal-mean finite-amplitude wave
activity is not restricted to small-amplitude waves and remains valid during wave breaking
and in the presence of cutoffs. FAWA has highly desirable theoretical properties (Solomon
and Nakamura 2012) and ̅𝐴 recovers ̅𝐴s in the limit of small amplitude (Nakamura and
Zhu 2010).

Splitting PV into an eddy term 𝑞e and the zonalized-state reference value 𝑄 for a given
equivalent latitude,

𝑞(𝜆, 𝜙eq + 𝜙) = 𝑞e(𝜆, 𝜙, 𝜙eq) + 𝑄(𝜙eq), (29)

substituting into (28) and rearranging the terms in the integrals (noting that 𝑄 is constant
for a fixed 𝜙eq) yields

̅𝐴(𝜙eq) = 1−−−−−−2𝜋 ∫
2𝜋

0
[ 1−−−−−−−−−−−−−−−−−−cos(𝜙eq)

(∫
𝑞(𝜙)≥𝑄

𝑞e𝜎𝑎 cos(𝜙)d𝜙 −∫
𝜙≥𝜙eq

𝑞e𝜎𝑎 cos(𝜙)d𝜙)]d𝜆

+ 𝑄−−−−−−−−−−−−−−−−−−−−−−−−−−−2𝜋𝑎 cos(𝜙eq)
(∫

𝑞(𝜙)≥𝑄
d𝑀 −∫

𝜙≥𝜙eq

d𝑀). (30)

The expression in the square brackets of (30) is defined as local wave activity (LWA)
𝐴(𝜆, 𝜙eq) = […], commonly written compactly and without explicit reference to the
equivalent latitude as

𝐴(𝜆, 𝜙) = − 𝑎−−−−−−−−−−−−−−cos(𝜙) ∫
Δ𝜙

0
[𝑞(𝜆, 𝜙 + 𝜙′) − 𝑞ref(𝜙)]𝜎 cos(𝜙 + 𝜙′)d𝜙′ (31)

(Huang and Nakamura 2016; Ghinassi et al. 2018). The bounds of the integral in (31) de­
note a path of integration that can consist of multiple segments which either add (𝜙′ > 0)
or subtract (𝜙′ < 0) from the value of the integral, as illustrated in Figure 5c.
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The integration over longitude in the first RHS term of (30) constitutes a zonal average
while the second term of the sum vanishes due to the equivalent latitude relation (27),
leaving

̅𝐴(𝜙) = 1−−−−−−2𝜋 ∫
2𝜋

0
𝐴(𝜆, 𝜙)d𝜆 = 𝐴(𝜆, 𝜙), (32)

i.e., the zonal average of LWA recovers FAWA. By construction, both ̅𝐴 and 𝐴 are non­
negative quantities unless the domains of integration intersect the ground (Nakamura and
Solomon 2011; Methven 2013). Though (31) is formulated for the primitive equations in
isentropic coordinates, it is equally valid in the three-dimensional quasigeostrophic frame­
work on pseudoheight levels and the barotropic framework by setting 𝜎 = 1 and using
the appropriate expressions for potential vorticity.

2.7 Waves and the Mean Flow

So far, the atmospheric background has been considered as a defining and guiding influence
on the superposed Rossby waves in terms of a one-way relationship. However, depending
on the choice of background state and the processes considered, the waves may interact
with the background too, creating a two-way interdependence between both. This two-
way interaction is generally described by wave-mean flow interaction theory (Vallis 2006,
their chapter 7; Nakamura 2024). An important result in barotropic wave–mean flow
interaction is the nonacceleration theorem for conservative conditions

d−−−−−d𝑡 (𝑢̅ + ̅𝐴) = 0, (33)

where 𝑢̅ is the zonal-mean zonal wind and ̅𝐴 an appropriate zonal-mean wave activity.
For barotropic flow, ̅𝐴s fulfills relation (33) in the small-amplitude limit, while FAWA
expands the validity to finite-amplitude flow. From (33), it follows that

𝑢ref = 𝑢̅ + ̅𝐴 (34)

is a stationary reference state of the barotropic model without forcing or dissipation. This
zonally symmetric flow represents a state of the atmosphere where all momentum from
the eddies has been removed and conservatively returned to the mean flow (Nakamura
and Zhu 2010). Notably, 𝑢ref is equivalently obtained by inverting the zonalized PV 𝑞ref,
the eddy-free reference state for the computation of FAWA and LWA.

The simplicity of the nonacceleration relation (33) and corresponding reference state (34)
is only achieved due to the simplicity of the two-dimensional barotropic model. In the
three-dimensional baroclinic case, the exchange of momentum between the mean flow and
the eddies has nonlocal effects through a residual circulation (Nakamura and Zhu 2010).
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Figure 6: Covariance of 𝟥𝟢𝟢 𝗁𝖯𝖺 zonal wind and barotropic finite-amplitude local wave activity. Based on
6-hourly Northern Hemisphere winter reanalysis data from 1979 to 2022 truncated at wavenumber 36 (triangular).

Finite-amplitude extensions of the nonacceleration theorem have been formulated for
these types of flow, although the algebraic expressions of the extended theorems are more
complicated (e.g., Nakamura and Zhu 2010; Nakamura and Solomon 2010; Nakamura
and Solomon 2011). These complications also mean that a stationary reference state 𝑢ref

cannot be determined from a simple addition of FAWA and the zonal-mean zonal wind
as in the barotropic case, but has to be obtained through the inversion of 𝑞ref together
with appropriate boundary conditions. Adding to the complexities of baroclinicity, real
atmospheric flow is nonconservative, so momentum sources and sinks for the eddies and
mean circulation must be taken into account and 𝑢ref as obtained via the nonacceleration
theorem is not stationary in general. The zonalized reference state has nevertheless been
found to exhibit less temporal variation than the zonal-mean circulation (Nakamura and
Solomon 2010; Nakamura and Solomon 2011; Methven and Berrisford 2015).

The growth of waves at the expense of zonal momentum as expressed by the nonacceler­
ation theorem transfers to the local scale to a large degree. Figure 6 shows that the cli­
matological-average upper-tropospheric wind maxima have only limited overlap with the
maxima of local wave activity. The covariance between 𝑢 and 𝐴 is negative everywhere
on the Northern Hemisphere and strongest in the midlatitudes, particularly in the exit
regions of the storm tracks (Chang et al. 2002; Nakamura and Huang 2018; Barpanda
2020). Huang and Nakamura (2016) derived an approximate local nonacceleration theo­
rem based on the local zonal wind, phase-averaged quasigeostrophic LWA and a surface
wave activity at the lower boundary. Assuming that the dispersion relation (20) applies
locally, the negative covariance of 𝐴 and 𝑢 suggests that a travelling Rossby wave will
slow down as it grows in amplitude and thereby reduces the advecting zonal wind. This
interdependence is of major importance for a blocking onset theory by Nakamura and
Huang (2018), who model the relationship between zonal wind and LWA as

𝑢 ≈ 𝑢ref − 𝛼𝐴, (35)

where the factor 𝛼 ≈ 0.4 accounts for the nonlocal effects in three-dimensional flow.
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2.8 Atmospheric Blocking

Blocking is an occasional feature of the extratropical atmosphere, characterized by a
strongly meandering, quasistationary and persistent local flow pattern that interrupts
and/or diverts the usual eastward propagation of weather systems and is often dominated
by an anticyclonic anomaly which extends across the troposphere (Berggren et al. 1949;
Rex 1950; Tyrlis and Hoskins 2008). Atmospheric blocking is associated with various types
of weather extremes at the surface such as heatwaves, cold spells and heavy precipitation,
sometimes occurring simultaneously in different regions of the same blocking system (e.g.,
Hong et al. 2011; Schneidereit et al. 2012; Kornhuber et al. 2019; Lenggenhager et al.
2019). Despite its persistence and largeness of scale, blocking has been associated with
the occurrence of forecast busts, i.e., drops in NWP model forecast quality (Rodwell et al.
2013; Magnusson 2017; Grams et al. 2018). The life cycle of blocking and the importance
of atmospheric processes for the evolution of blocks is not yet understood comprehensively.
Woollings et al. (2018), Lupo (2021) and Kautz et al. (2022) review various aspects of
current and past atmospheric blocking research and section 3.3 further introduces some
theories of blocking. Only a very brief and simplified overview is given here.

There is a large case-to-case variability between blocking events and a variety of flow
configurations are considered as blocked (c.f. Fig. 1 of Woollings et al. 2018). Blocked
flow patterns in the upper-troposphere are frequently characterized by a high-over-low
configuration that resembles a dipole or by an Ω-shaped flow around a large anticyclone
that forms the central blocking anomaly. The jet stream often splits upstream of the block
around a region of stagnation or reversed (i.e., easterly) flow (Rex 1950). Figure 7 shows a
selection of fields commonly used to identify blocking in atmospheric data for the example
of an anticyclonic wave breaking-type blocking event. The characteristics of blocking have
been formalized into one- or two-dimensional blocking indices, computed based on contour
geometry, anomalies with respect to a long-term climatology or meridional gradients of
geopotential, potential temperature or PV (e.g., Dole and Gordon 1983; Lejenäs and
Økland 1983; Tibaldi and Molteni 1990; Pelly and Hoskins 2003b; Scherrer et al. 2006).
Finite-amplitude LWA has also been used to quantify blocking (Huang and Nakamura
2016; Ghinassi et al. 2018). Individual blocking events can be delimited based on a
blocking index and are often subject to an additional persistence criterion.

The temporal evolution of a blocking event is usually divided into the phases of onset,
maintenance and decay. The processes that govern the development of blocks can vary
from event to event (Woollings et al. 2018) and also change over time within a given life
cycle (Hauser et al. 2023). Many different approaches have been taken to understand the
dynamical drivers of the blocking life cycle and its phases. The underlying theoretical
frameworks range from the barotropic model (e.g., Charney and DeVore 1979; Shutts 1983;
Luo 2005; Petoukhov et al. 2013) to baroclinic dynamics with or without consideration
of diabatic processes (e.g., Pfahl et al. 2015; Luo and Zhang 2020; Martineau et al. 2022;
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Figure 7: Comparison of upper-tropospheric fields that blocking can be diagnosed from, valid on 18 Dec
2016 0000 UTC. (a) 𝟧𝟢𝟢 𝗁𝖯𝖺 geopotential height (contour lines, in gpdm) and zonal wind (colors). (b) 𝟩 𝗄𝗆
(approximately 𝟥𝟩𝟢 𝗁𝖯𝖺) quasigeostrophic PV (𝟣𝟢−𝟦 𝗌−𝟣 contour line) and column-averaged local wave activity
(colors). (c) Potential temperature on the 𝟤 𝖯𝖵𝖴 surface (dynamical tropopause).

Hauser et al. 2023). Depending on the emphasis on the involved scales and mechanisms,
blocking theories can be divided into global and local (Tyrlis and Hoskins 2008), though
many emphasize scale interaction as an important driver of blocking dynamics (e.g., Shutts
1983; Colucci 1985; Tsou and Smith 1990; Nakamura et al. 1997; Luo et al. 2023).

2.9 North Atlantic–European Circulation Regimes

Recurrent and persistent flow features like jet streams and atmospheric blocking can be
organized into circulation regimes that emphasize certain preferred spatial patterns of
regional or hemispheric feature occurrence. These patterns of the large-scale tropospheric
flow are intended and usually explicitly constructed to capture a significant part of the sub-
seasonal flow variability in the extratropics (Hannachi et al. 2017). Regime patterns are
often determined empirically with dimensionality reduction and unsupervised clustering
techniques applied to long-term atmospheric records of mid- or low-level tropospheric
variables, such as sea level pressure, geopotential height, streamfunction or zonal wind.
Popular instances for the North Atlantic–European sector include the North Atlantic
Oscillation (NAO) and East Atlantic (EA) patterns (e.g., Wallace and Gutzler 1981)
and various definitions of weather and jet regimes (e.g., Vautard 1990; Michelangeli et
al. 1995; Woollings et al. 2010; Grams et al. 2017; Madonna et al. 2017; Falkena et al.
2020; Dorrington and Strommen 2020). For illustration, Figure 8 shows the seven weather
regimes of a year-round categorization in the North Atlantic–European sector by Grams
et al. (2017) based on 500 hPa geopotential height.

The central properties of persistence and recurrence of circulation patterns presents an
opportunity to extract atmospheric predictability beyond the medium range (Ferranti et
al. 2015; Buizza and Leutbecher 2015; Matsueda and Palmer 2018; Cortesi et al. 2021;
Büeler et al. 2021). The regime perspective on large-scale extratropical variability also
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puts forth a view of the atmosphere as a system that transitions between a set of preferred
states, possibly in a Markovian manner and characterized by the probabilities of transition
between states (e.g., Kimoto and Ghil 1993; Kondrashov et al. 2004; Strommen and
Palmer 2019; Dorrington and Strommen 2020). This view emphasizes the processes that
contribute to the onset, maintenance and decay of each regime and therefore determine
the transition behavior and is strongly related to the study of precursors of atmospheric
blocking, with many commonalities between the influences considered (e.g., Vautard 1990;
Evans and Black 2003; Michel and Rivière 2011; Luo et al. 2012; Hauser et al. 2023).

2.10 Ensemble Sensitivity Analysis

Ensemble forecasting, i.e., the production of an ensemble of simultaneously initialized
forecasts with perturbed intial conditions and/or model physics, has been an integral part
of operational medium-range weather forecasting for more than three decades (Palmer
2019). Forecast ensembles constitute the primary source of probabilistic information in
weather forecasting and probabilistic forecast products generally have more skill and pro­
vide more value than equivalent deterministic products (Richardson 2000).

In ensemble regression, a forecast ensemble is utilized as a training dataset for a linear
regression model with which the flow-dependent relationship between variables of a fore­
cast can be explored in space and time. Let 𝑆 and 𝑇 denote matrices in which ensem­
ble-derived values for a “source” and a “target” variable, respectively, are collected after
removal of the mean of each variable across the ensemble. The linear operator 𝐿 of the
multivariate regression of 𝑇 as a function of 𝑆 is given by
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𝑇 = 𝐿𝑆 (36)

⇒ 𝑇𝑆𝑇 = 𝐿𝑆𝑆𝑇

⇒ cov(𝑇, 𝑆) = 𝐿 cov(𝑆, 𝑆)

⇒ 𝐿 = cov(𝑇, 𝑆) cov(𝑆, 𝑆)−1 . (37)

𝐿 is a linear approximation of the relationship between the source and target as repre­
sented by the ensemble. Such a regression model can be used in perturbation experiments
where a prescribed perturbation of the source variable is transformed into a target response
through the application of 𝐿. For many applications, archived ensemble forecasts from
operational weather prediction are suitable to determine 𝐿, so experiments can be run at
very low computational cost. Ensemble regression has, e.g., been used to compute 𝐿 as a
statistical PV inversion operator (Hakim and Torn 2008; Gombos and Hansen 2008).

Dimensionality reduction techniques are often required to make the computation of 𝐿
numerically feasible for typical ensemble sizes. Perturbation experiments, while flexible,
require expertise to define the source perturbation fields. An alternative approach to
obtain information about the sensitivity of the target to changes in the source variable
is to inspect 𝐿 directly, but the matrix is difficult to interpret in its entirety. Therefore,
simplifications are made with the aim to disentangle the sensitivity information in the
matrix: the target variable is restricted to scalar values, 𝑇 = 𝑡, and all off-diagonal
elements in cov(𝑆, 𝑆) are set to zero such that

cov(𝑆, 𝑆) ≈

(

𝜎2
𝑠1 0

⋱
0 𝜎2

𝑠𝑛)

. (38)

With these simplifications, problem (37) decomposes into a set of independent univariate
linear regression problems ̃𝑙 = ( ̃𝑙1, … ̃𝑙𝑛), with

̃𝑙𝑖 =
cov(𝑡, 𝑠𝑖)−−−−−−−−−−−−−−−−−−−−

𝜎2
𝑠𝑖

≈ ∂𝑡−−−−−−−∂𝑠𝑖
, (39)

and is called ensemble sensitivity analysis (ESA Hakim and Torn 2008). Multiplication of
each slope ̃𝑙𝑖 with the standard deviation 𝜎𝑠𝑖 of the source 𝑠𝑖 and division by the standard
deviation 𝜎𝑡 of the target leads to the computation of the correlation coefficient of 𝑠𝑖 and 𝑡
for all 𝑖:

𝑙𝑖 =
cov(𝑡, 𝑠𝑖)−−−−−−−−−−−−−−−−−−−−𝜎𝑠𝑖𝜎𝑡

= corr(𝑡, 𝑠𝑖) . (40)

Such normalization allows for better intercomparison of sensitivities between different
source and target variables. The vector 𝑙 has the same size as a source vector 𝑠𝑖 and
contains the desired information about the sensitivity of the target to the source. The
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Figure 9: Sensitivity patterns produced by ESA from synthetic test cases, inspired by the examples shown in
Fig. 1 of Maddison et al. (2019). (a) Ensemble of source fields with blob anomalies of increasing amplitude. As
the amplitude increases, the target metric also increases (see titles of upper panels). (b) The correlation-based
sensitivity pattern corresponding to the source fields and target metric in (a). (c)–(d) Like (a)–(b) but based on
the translation of a blob anomaly. (e)–(f) Like (a)–(b) but based on the strength of a wave-like anomaly pattern.
(g)–(h) Like (a)–(b) but based on the translation of a wave-like anomaly pattern.

match in size allows for convenient visualization, e.g., if the source is a latitude-longitude
field, the correlations in 𝑙 can simply be plotted on a map. Sophisticated visualizations
to track sensitivity information from ESA in time and space have been devised (Kumpf
et al. 2019).

Figure 9 illustrates typical correlation-based sensitivity patterns found for a generic source
variable available as a spatial field. In the first 15-member example ensemble (Figure 9a),
the source fields contain a single circular blob, whose amplitude increases with increas­
ing values of the target. The resulting sensitivity field (Figure 9b) contains positive cor­
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relations everywhere inside the blob, reflecting this relationship. If the amplitude of the
blob had decreased with increasing target values, the correlation would have been nega­
tive. If the amplitude of the blob remains constant but its locations moves further to the
right as the target increases, a horizontal negative-positive dipole is seen in the sensitivity
field (Figures 9c,d). The corresponding sensitivities with respect to wave anomalies in the
source field are consistent with patterns constructed from the individual trough and ridge
anomalies of the waves (Figures 9e–h). Of course, amplitude and location may vary at
the same time, resulting in asymmetric correlation patterns.

Under slow dynamics, ESA is able to skillfully predict a target response to source per­
turbations despite its simplifications (Hacker and Lei 2015). The need for a scalar target
metric is only a minor restriction in practical applications. Empirical orthogonal function
analysis (Zheng et al. 2013; Berman and Torn 2019) and regional or temporal averages
of, e.g., precipitation (Schumacher 2011; Yu and Meng 2016) or forecast error (Magnus­
son 2017; Maddison et al. 2019) are commonly used to obtain a scalar target. For many
weather phenomena, standard scalar metrics that characterize them are available, e.g.,
central pressure for cyclones (Garcies and Homar 2009; Chang et al. 2013) or blocking
indices for atmospheric blocking (Parker et al. 2018; Quandt et al. 2019).
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The Onset of a Blocking Event as a
“Traffic Jam”: Characterization with
Ensemble Sensitivity Analysis

3
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3.1 Abstract

Recently, Nakamura and Huang proposed a theory of blocking onset based on the budget
of finite-amplitude local wave activity on the midlatitude waveguide. Blocks form in their
idealized model due to a mechanism that also describes the emergence of traffic jams in
traffic theory. The current work investigates the development of a winter European block
in terms of finite-amplitude local wave activity to evaluate the possible relevance of the
“traffic jam” mechanism for the flow transition. Two hundred members of a medium-
range ensemble forecast of the blocking onset period are analyzed with correlation- and
cluster-based sensitivity techniques. Diagnostic evidence points to a traffic jam onset on
17 December 2016. Block development is sensitive to upstream Rossby wave activity up
to 1.5 days prior to its initiation and consistent with expectations from the idealized the­
ory. Eastward transport of finite-amplitude local wave activity in the southern part of the
block is suppressed by nonlinear flux modification from the large-amplitude blocking pat­
tern, consistent with the expected obstruction in the traffic jam model. The relationship
of finite-amplitude local wave activity and its zonal flux as mapped by the ensemble ex­
hibits established characteristics of a traffic jam. This study suggests that the traffic jam
mechanism may play an important role in some cases of blocking onset and more gener­
ally that applying finite-amplitude local wave activity diagnostics to ensemble data is a
promising approach for the further examination of individual onset events in light of the
Nakamura and Huang theory.

3.2 Significance Statement

Blocking is an occasional phenomenon in the mid- and high-latitude atmosphere charac­
terized by the stalling of weather systems. Episodes of blocking are linked to extreme
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weather but their occurrence is not completely understood. A recent theory suggests that
blocks may form in the jet stream like traffic jams on a highway. The onset mechanism
contained in the theory could explain why forecasts of blocking are sometimes poor. In
this work, we investigate the formation of a 2016 European winter block in the context of
the traffic jam theory. Though questions remain regarding the implications for forecast
uncertainty, our findings strongly support the notion of a traffic jam onset.

3.3 Introduction

Blocking is an occasional feature of the mid- and high-latitude tropospheric flow. An
atmospheric block is formed by a quasistationary ridge or cutoff anticyclone and obstructs
the usual eastward propagation of weather systems. Episodes of blocking are characterized
by a locally strongly meandering jet stream with predominantly meridional and/or cellular
flow (Berggren et al. 1949; Rex 1950; Tyrlis and Hoskins 2008; Woollings et al. 2018). The
diversion and disruption of the jet is often accompanied by a nonlinear evolution of the
flow, in particular wave breaking (Pelly and Hoskins 2003b; Berrisford et al. 2007; Masato
et al. 2012). Blocked flow can persist for multiple days or weeks over the same region
and cause extreme weather events such as heatwaves (e.g., Black et al. 2004; Schneidereit
et al. 2012; Kautz et al. 2022). Advances in the domains of theory, diagnostics and
modeling have improved our understanding of the life cycle of onset, maintenance and
decay of these weather systems since their discovery in the early twentieth century, but
important problems remain open (Woollings et al. 2018; Lupo 2021). Forecasting the
onset of blocked flow is a challenging problem in numerical weather prediction (Tibaldi
and Molteni 1990; Pelly and Hoskins 2003a; Ferranti et al. 2015) and occasionally leads
to exceptionally poor model performance (Rodwell et al. 2013).

Numerous influences on blocking onset have been identified. Some proposed onset mecha­
nisms are global in character, involving, e.g., (quasi)resonance between stationary Rossby
waves and different forcings (e.g., Charney and DeVore 1979; Tung and Lindzen 1979;
Petoukhov et al. 2013). Other theories are local and concern, e.g., instabilities of the low-
frequency circulation (Swanson 2001) or the influence of transient synoptic systems and
events like explosive cyclogenesis (e.g., Colucci 1985; Tsou and Smith 1990; Nakamura
and Wallace 1993; Altenhoff et al. 2008). The idealized multiscale interaction models of
Luo and collaborators can describe full life cycles of eddy-driven blocking (e.g., Luo 2005;
Luo et al. 2014; Luo et al. 2023). More recently, attention has been paid to the role of
diabatic processes, especially those occurring in warm conveyor belts, as well as the asso­
ciated upper-level divergent outflow (e.g., Pfahl et al. 2015; Grams et al. 2018; Maddison
et al. 2019; Maddison et al. 2020; Steinfeld et al. 2020; Neal et al. 2022).

The involvement of Rossby waves in blocking has motivated the use of wave activity
diagnostics in the study of the blocking life cycle. Nakamura (1994) composited fields
of Plumb's (1986) wave activity density flux of European blocking events and hypothesized
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that a self-amplification process may exist in the atmosphere that can facilitate a transition
to blocked flow: an initial anticyclonic anomaly in the upper-tropospheric circulation
weakens the westerlies, leading to convergence of wave activity density flux associated with
propagating Rossby waves upstream. The convergence allows additional wave activity
to accumulate and further decelerate the westerly flow, leading to continued convergence
and amplification until a point of saturation is reached. In a follow-up study, Nakamura
et al. (1997) concluded that the convergence of wave activity density flux associated with
low-frequency dynamics plays a major role in the formation of North Atlantic blocks
while block amplification over the North Pacific is more strongly influenced by transient
eddy activity. Recently, Luo and Zhang (2020) analysed idealized life cycles of blocking
obtained from a nonlinear multiscale interaction model in terms of local wave activity
propagation. They found that local eddy-induced wave activity flux is important for the
nondispersiveness of growing blocking Rossby wave packets.

The possibility of an obstruction of the zonal propagation of wave activity was identified in
the budget of quasigeostrophic finite-amplitude local wave activity (LWA) by Nakamura
and Huang (2018, hereafter NH18). The authors simplified the three-dimensional LWA
budget (Huang and Nakamura 2017) to a one-dimensional semiempirical model for the
temporal evolution of the zonal LWA distribution in the midlatitudes. They recognized
that this simplified model of the zonal LWA budget is analogous to a model of traffic flow.
In the same way that a traffic jam forms as a shock in solutions of a traffic flow model
(Treiber and Kesting 2013), blocked flow forms as a shock in the zonal distribution of
LWA (Nakamura and Huang 2017; NH18). The development of such a shock is governed
by a threshold on the amplitude of wave activity, which is a function of the atmospheric
background state. When exceeded, a local bottleneck for the zonal flux of LWA appears,
leading to further increasing levels of LWA that reinforce the bottleneck.

The process underlying this “traffic jam” mechanism of blocking onset is very similar to
that proposed by Nakamura (1994). The theory of NH18 distinguishes itself by its quan­
titative nature and the finite-amplitude formalism of the quasigeostrophic zonal LWA
budget. This formalism originates from the zonally-averaged finite-amplitude wave ac­
tivity by Nakamura and Zhu (2010) and Nakamura and Solomon (2010; 2011). LWA
is valid in the presence of arbitrary-amplitude eddies (Nakamura and Zhu 2010; Huang
and Nakamura 2016) and, thus, even when the atmospheric flow evolves nonlinearly as
it usually does during blocking onset, e.g., in the process of wave breaking (Berrisford et
al. 2007; Masato et al. 2012). Notably, while previous studies have highlighted the role of
scale interaction for the dynamics of blocking onset (e.g., Luo et al. 2023, and references
therein), the traffic jam onset theory is not explicitly dependent on a separation of eddies
into different scales.

NH18 supported their theoretical results with reanalysis data composites of 24 high-LWA
events over the Atlantic. They saw a gradual build-up and decay of LWA before and after
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the composite event and an associated deceleration and acceleration of the zonal wind,
respectively. The region immediately upstream of the composite LWA maximum experi­
ences a prolonged period of enhanced eastward LWA flux prior to the block formation,
while zonal LWA fluxes turn weakly westward within the block after onset. These findings
were broadly consistent with numerical simulations from their idealized model of block­
ing onset, although discrepancies regarding the timing and duration of the periods of en­
hanced upstream flux remained. Barpanda (2020) produced feature-centered composites
of anomalous occurrences of high-amplitude LWA. They found that enhanced eastward
LWA fluxes in the North Atlantic preceeding the development of LWA maxima mainly
occur as short bursts in the immediate upstream for short-lived events while longer-lived
events experience comparatively weaker incoming flux but over a substantially longer time
before onset.

The traffic jam mechanism is an attractive theory for the development of blocked flow. It
provides a dynamical definition of onset (the occurrence of a wave activity flux bottleneck),
contains a process that acts to amplify wave disturbances locally (the accumulation of
LWA at the bottleneck) and it can explain the stationarity of blocked flows (the suppressed
transmission of LWA flux into the downstream region). The mechanism itself is based on
dry dynamics, but it can accommodate the impact of diabatic processes in the form of
LWA sources and sinks. Global influence of planetary waves can be incorporated at least
one-way as preconditioning of the waveguide or the background-level wave activity.

Paradise et al. (2019) used the idealized NH18 numerical model of the zonal LWA budget
to investigate the response of blocking prevalence, frequency and persistence to changes
in the transient forcing of eddies, the stationary wave amplitude and the jet speed of the
background state. They found two climate regimes in the model, one block-dominated and
one block-free, separated by a relatively sharp transition region in which blocking statistics
are highly sensitive to the control parameters. Such sensitivity might also be relevant for
forecasts of blocking events in the medium range. In the traffic jam framework, the state
space of midlatitude LWA contains regions where the atmosphere is close to a transition
into a blocked state by being close to the mechanism's onset threshold. We would expect
such states to exhibit localized and high sensitivity of block development to changes in
the LWA evolution. This implies that the predictability of blocking is flow-dependent
and increased sensitivity in onset-adjacent states may lead to large (in both scale and
amplitude) forecast errors from initially small perturbations.

The foregoing motivates our present work, in which we examine a block development that
occurred in December 2016 over Europe in the context of the traffic jam mechanism with
a sensitivity analysis. Our focus is on LWA and the zonal flux of LWA, the variables at
the heart of the mechanism, prior to and during the onset event. A forecast ensemble
covering the flow transition provides a sample of realistic developments of the block.
LWA and related quantities are computed from the three-dimensional atmospheric data
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produced by the ensemble. Combined with an understanding of the evolution of the flow
in the ensemble and a comparison to simulations with the idealized traffic jam model of
NH18, we intend to gain a causal, flow-dependent understanding of the sensitivity results.

Ensemble sensitivity techniques have been used frequently in recent years to study the
predictability of blocked flows. Magnusson (2017) applied ensemble sensitivity analysis
(ESA) and a cluster-difference method to identify source regions of forecast error. In a
case of blocking onset, forecast errors over Europe could be traced back multiple days to
errors in the development of a trough and an associated surface cyclone further upstream.
Berman and Torn (2019) applied ESA to a ridge development over the North Atlantic.
Their analysis indicated that better representation of warm conveyor belts and upstream
PV anomalies in models could lead to improved forecasts of the upper-tropospheric flow.
Maddison et al. (2019) investigated the influence of cyclones on the predictability of
blocking onset with ESA. Their results suggest that improved forecasts of the location
and intensity of cyclones may improve the prediction of blocking events. Quandt et al.
(2019) explored the predictability of the block associated with the 2010 Russia heatwave.
They found sensitivities of the block onset to a precursor upper-level ridge upstream as
well as to low-level pressure anomalies and their associated diabatic activity.

In the current work, we use ESA to investigate the role of wave activity and its zonal flux
in the transition to blocked flow. The findings of NH18 in the LWA framework and sim­
ulations we conduct ourselves with their idealized traffic jam model set our expectations
for the characteristics that resemble a traffic jam onset. We quantify the relationship
between LWA and the zonal LWA flux based on multiple realizations of the same event
obtained from an NWP model. This ensemble-based approach allows us further to explic­
itly evaluate the sensitivity of the block to incoming LWA flux during the flow transition,
giving us insight into the role of the traffic jam theory for the predictability of our chosen
onset case. Sensitivities are localized in time and space with ESA and we contextualize
them with the evolution of the flow in weak- and strong-block scenarios obtained from a
basic clustering.

Our work adds to the climatological composites of NH18 and Barpanda (2020) as well
as the recent case investigation of Neal et al. (2022). We employ an NWP model-based
ensemble sensitivity approach for the first time in the context of the traffic jam theory
and provide a complementary perspective on traffic jam characteristics of blocked flow in a
realistic atmosphere during onset. A single-event case study has the potential to illustrate
the relevance of the onset mechanism more clearly than an averaged multievent composite,
at the cost of generalizability. The ensemble approach further allows us to talk about onset
predictability and, as will will argue below, approach the issue of attribution of a transition
to blocked flow to an onset mechanism. This is of particular importance because we cannot
expect that the traffic jam mechanism plays a major role for all blocking onset events.
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This paper is structured as follows: First, a brief review of quasigeostrophic finite-ampli­
tude local wave activity, its zonal budget and the one-dimensional traffic jam model of
NH18 is given in section 3.4. The section also introduces our data processing procedure,
including the ensemble sensitivity analysis setup, and used datasets. Findings from the
analysis of the December 2016 blocking event in the European-Atlantic sector are pre­
sented in section 3.5. We describe the block development and its sensitivity to zonal wave
activity flux in the upstream region before and in the blocked region during the onset event
and discuss results in the context of the traffic jam hypothesis of NH18. Conclusions from
the investigated onset event are drawn in section 3.6.

3.4 Methods and Data

3.4.1 Finite-Amplitude Local Wave Activity

We adopt the formalism of NH18. In the coordinate system of longitude 𝜆, latitude 𝜙
and (pseudo)height 𝑧 = −𝐻 ln(𝑝/𝑝0) for the sphere, with pressure 𝑝, 𝐻 = 7 km and
𝑝0 = 1000 hPa, quasigeostrophic potential vorticity (PV) 𝑞(𝜆, 𝜙, 𝑧) is

𝑞 = 𝜁 + 𝑓[1 + 𝑒𝑧/𝐻 ∂−−−−−−∂𝑧 (
𝑒−𝑧/𝐻(𝜃 − ̃𝜃)−−−−−−−−−−−−−−−−−−−−−−−−−−−

∂ ̃𝜃/∂𝑧
)], (41)

where 𝜁(𝜆, 𝜙, 𝑧) is relative vorticity, 𝑓(𝜙) the Coriolis parameter, 𝜃(𝜆, 𝜙, 𝑧) is potential
temperature and ̃𝜃(𝑧) is a reference potential temperature obtained from an area-weighted
global average at height 𝑧. A wave-free reference state 𝑞ref(𝜙, 𝑧) is obtained from PV on
each height level through “zonalization”, an area-preserving map that produces a zonally
symmetric PV field with contours monotonically decreasing from north to south (Butchart
and Remsberg 1986; Allen and Nakamura 2003; Nakamura and Zhu 2010). Defining

𝑞e(𝜆, 𝜙, 𝑧, 𝜙′) = 𝑞(𝜆, 𝜙 + 𝜙′, 𝑧) − 𝑞ref(𝜙, 𝑧), (42)

finite-amplitude local wave activity 𝐴 is the expression

𝐴(𝜆, 𝜙, 𝑧) = − 𝑎−−−−−−−−−−−−−−cos(𝜙) ∫
Δ𝜙

0
𝑞e(𝜆, 𝜙, 𝑧, 𝜙′) cos(𝜙 + 𝜙′)d𝜙′, (43)

where 𝑎 = 6378 km is the radius of Earth and the integral bounds denote a domain of
integration from the given latitude (𝜙′ = 0) to the latitude of meridional displacement
[𝜙′ = Δ𝜙(𝜆, 𝜙, 𝑧)] of the PV contour with the same value as the reference state at the
given latitude, i.e., 𝑞 = 𝑞ref(𝜙, 𝑧). The domain can be made up of multiple segments in
the presence of contour overturning or cutoffs, in which case Δ𝜙 is multivalued (see the
illustrations of Huang and Nakamura 2017; Ghinassi et al. 2018). We obtain column LWA
with a density-weighted vertical average up to 25 km height (upper bound set by data
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availability) and follow NH18 in making a connection to angular pseudomomentum by
always considering ⟨𝐴⟩ cos(𝜙). The vertical integration acts as a weak filter of the phase
signal, which is still present in LWA as defined in equation (43).

Indices of blocked flow are traditionally based on a deceleration of the westerlies and a
reversal in the upper-tropospheric gradient of geopotential height, potential temperature
or potential vorticity (e.g., Lejenäs and Økland 1983; Tibaldi and Molteni 1990; Pelly and
Hoskins 2003b) and/or the amplitude of anomalies of such variables (e.g., Dole and Gordon
1983; Schwierz et al. 2004a). LWA is appropriate as a measure of blocking strength because
it combines these approaches: it quantifies PV anomalies relative to the zonalized reference
state and is valid even in the presence of finite-amplitude eddies. Furthermore, due to
an existing nonacceleration relation (Huang and Nakamura 2016), an increase in LWA is
generally associated with a decrease of the zonal wind at the same location.

We use the hn2016_falwa Python package (Huang et al. 2021) to compute LWA and re­
lated quantities in the QG framework. Documentation for the numerical procedures is
found in the supplementary material of NH18, who used the same data processing and
whose analysis serves as a reference frame for our investigation. The simpler construction
of LWA based on geopotential used by Chen et al. (2015) and Martineau et al. (2017)
lacks exact theorems and relationships, e.g., between wave activity and its fluxes, and is
therefore not well suited for our analysis. LWA for the primitive equations (Ghinassi et al.
2018) is associated with technical challenges related to the background state (see Naka­
mura and Solomon 2011; Methven and Berrisford 2015) and a less advanced formalism,
so we stick to QG theory.

3.4.2 LWA Budget in the Midlatitudes

We approximate the wintertime midlatitude column-LWA budget (Huang and Nakamura
2016, 2017) by

∂⟨𝐴⟩−−−−−−−−−−−∂𝑡 cos(𝜙) ≈ − 1−−−−−−−−−−−−−−−−−𝑎 cos(𝜙)
∂⟨𝐹𝜆⟩−−−−−−−−−−−−−∂𝜆 + ⟨ ̇𝐴⟩ cos(𝜙) . (44)

On synoptic time scales, the local temporal evolution of LWA is dominated by the con­
vergence of the zonal LWA flux ⟨𝐹𝜆⟩ (NH18; Valva and Nakamura 2021). We further
consider nonconservative sources and sinks ̇𝐴 of LWA. Equation (44) condenses the mid­
latitude dynamics on synoptic and larger scales into a one-dimensional transport problem
for LWA with forcing. This approximation is valid to the extent that there is a strong
midlatitude jet that acts as a zonal waveguide.

The vertically averaged zonal LWA flux ⟨𝐹𝜆⟩ is



34 A Local Wave Perspective on the Dynamics of Atmospheric Blocking

⟨𝐹𝜆⟩ = ⟨𝑢ref𝐴 cos(𝜙)⟩⏟⏟⏟⏟⏟⏟⏟
𝐹1

−𝑎⟨∫Δ𝜙
0 𝑢e𝑞e cos(𝜙 + 𝜙′)d𝜙′⟩⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

𝐹2

+ cos(𝜙)−−−−−−−−−−−2 ⟨𝑣2e − 𝑢2
e −

𝑅−𝐻
𝑒−𝜅𝑧/𝐻
−−−−−−−−−−−−∂ ̃𝜃/∂𝑧 𝜃

2
e⟩⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

𝐹3

, (45)

with zonal wind 𝑢, meridional wind 𝑣, 𝑅 = 287 J kg−1 K−1 and 𝜅 = 0.286. In 𝐹2, Δ𝜙
denotes the same integration domain as in equation (43) and 𝑢e is defined analogously
to 𝑞e in equation (42). The definitions of 𝑣e, 𝑢e and 𝜃e in 𝐹3 also take the form of
equation (42) with 𝜙′ = 0 held constant. The required reference states 𝑢ref, 𝑣ref and 𝜃ref
are obtained with a PV inversion procedure from 𝑞ref and appropriate no-slip boundary
conditions (Nakamura and Solomon 2011; Huang and Nakamura 2017).

The three terms that make up ⟨𝐹𝜆⟩ can be associated with physical processes (Huang and
Nakamura 2016; NH18). The advection of local wave activity with the background state
zonal wind and the zonal component of the generalized Eliassen–Palm flux are represented
by 𝐹1 and 𝐹3, respectively. Together, these terms describe group propagation in the case of
linear Rossby waves and are referred to as the “group propagation terms” throughout
this work. The flux arising from the Stokes drift is encapsulated in 𝐹2, which gains
significance when waves reach a nonlinear finite-amplitude stage. The effect of 𝐹2 on the
total zonal LWA flux was found to be essential for the traffic jam mechanism by NH18.

3.4.3 Idealized Model of the LWA Budget

NH18 propose the partial differential equation

∂ ̂𝐴−−−−−−−∂𝑡 = −∂ ̂𝐹−−−−−−−∂𝑥 + ̂𝑆 −
̂𝐴−𝜏 + 𝜅∂

2 ̂𝐴−−−−−−−−−
∂𝑥2 (46)

as an idealized, one-dimensional model for transient Rossby waves on the midlatitude jet
stream. For a periodic domain in longitude 𝑥, the model has the structure of equation (44),
with the total LWA field 𝐴 = 𝐴0 + ̂𝐴 split into a stationary and a transient component,
respectively. The LWA flux is approximated as a nonlinear function of transient LWA:

̂𝐹 (𝑥, 𝑡) = [𝐶(𝑥) − 𝛼 ̂𝐴(𝑥, 𝑡)] ̂𝐴(𝑥, 𝑡), (47)

where 𝐶(𝑥) = 𝑢ref + 𝑐g − 2𝛼𝐴0(𝑥) is the background group velocity modulated by the
stationary wave and 𝛼 is an empirically determined parameter that quantifies the inter­
action of waves and the zonal flow. Nonconservative sources and sinks of LWA as well as
other terms in the LWA budget are represented by a forcing term ̂𝑆 and linear damping
with a timescale of 𝜏 . The last term on the right-hand side of (46) provides weak diffusion
to stabilize the numerical solution. See section 3.9 for information about our numerical
setup and choice of parameters.



Chapter 3: The Onset of a Blocking Event as a “Traffic Jam” 35

The nonlinear dependence of ̂𝐹 on ̂𝐴 in (47) enables the formation of persistent local
LWA maxima in the solution of (46) when

̂𝐴(𝑥, 𝑡) ≥ 𝐶(𝑥)−−−−−−−−−−−2𝛼 = ̂𝐴C(𝑥) (48)

(NH18). ̂𝐹 saturates at the threshold value ̂𝐴C and decreases with further increasing ̂𝐴,
presenting an obstruction for the transmission of LWA. Given sustained upstream forcing,
an LWA maximum will rapidly intensify due to LWA flux convergence at the leading edge
of the obstruction. Thus, Eqs. (46) and (47) constitute an idealized model for blocking
onset. NH18 recognized that similar equations are studied in traffic flow dynamics. In the
traffic context, ̂𝐴 represents traffic density, ̂𝐹 traffic flow, 𝐶 the speed limit and the block
corresponds to a traffic jam. Equation (46) is therefore called the “traffic jam model” for
the onset of atmospheric blocking.

3.4.4 Ensemble Sensitivity

Ensemble sensitivity analysis was introduced by Hakim and Torn (2008) as part of their
“ensemble synoptic analysis” framework, a set of regression-based tools for extracting
flow-dependent information from ensemble forecast data. First, we select a scalar “target”
metric that characterizes the phenomenon whose sensitivity we intend to quantify. Here,
we aggregate ⟨𝐴⟩ cos(𝜙) in the block onset region with an area-weighted average as a
measure of the strength of the developing blocked flow. A vector 𝑻 = (𝑡1, …, 𝑡𝑛) of
target values is constructed by evaluating the metric with data from a forecast ensemble.
Each value 𝑡𝑖 is obtained from a different forecast member (identified by the index 𝑖) of
the 𝑛-member ensemble.

The sensitivity of this target with respect to some spatial field 𝑠 is computed as the
correlation

corr(𝑻, 𝑺𝜆,𝜙) =
cov(𝑻, 𝑺𝜆,𝜙)−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

√−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−var(𝑻 ) var(𝑺𝜆,𝜙)
(49)

of 𝑻 and the “source” vectors 𝑺𝜆,𝜙 = [𝑠1(𝜆, 𝜙), …, 𝑠𝑛(𝜆, 𝜙)] taken from the ensemble
forecast, where 𝑠𝑖(𝜆, 𝜙) is the value of field 𝑠 at longitude 𝜆 and latitude 𝜙 of ensemble
member 𝑖. This correlation is computed for every grid point of the source field, resulting
in a spatial field of correlation coefficients. A straightforward interpretation is possible:
positive (negative) correlation at some location means that an increase of the value of the
source field at that location is associated with an increase (decrease) of the target metric
according to the ensemble.

The identification of coherent regions of positive or negative values in these correlation
maps allows us to localize sensitivity in space. By introducing a temporal offset between
the valid times of the data in the source and target vectors, sensitivities can be traced
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Figure 10: For the sensitivity analysis in section section 3.5, we combine four consecutive forecast ensembles,
here labeled ENS1, ENS2, ENS3 and ENS4, into an augmented ensemble. The target metric is evaluated at 8.5-,
8-, 7.5- and 7-day lead time for ENS1, ENS2, ENS3 and ENS4, respectively (solid vertical line). The dashed vertical
line marks the initial time of the last included forecast (ENS4) and therefore the earliest valid time for which the
full combined ensemble can be constructed. Only data from the shaded region are used for the sensitivity analysis.
Dates are specified relative to the target evaluation time (upper time axis) or given directly for the case analysed
in section 3.5 (lower time axis).

through time. The temporal and spatial evolution of regions of sensitivity can further be
contextualized with the dynamical evolution of the atmosphere in the ensemble. Thus,
sensitivities can be associated with dynamical processes, e.g., Rossby wave propagation.
Source and target remain connected through the evolution of the atmospheric state as
simulated by the forecast model that generated the ensemble, so a causal interpretation of
events is approachable even though the correlation analysis itself only detects statistical
relationships. This could be seen, e.g., in the case studies of Magnusson (2017), who
complemented ESA with relaxation experiments that targeted regions identified earlier in
a sensitivity analysis and found model responses consistent with the expectations set by
the ESA.

For the investigation in section 3.5, four consecutive forecast ensembles are combined in
their overlapping forecast ranges into an “augmented” ensemble for the statistical analysis,
as illustrated in Figure 10. Quandt et al. (2019) have shown that ESA can be successfully
applied to multimodel ensembles. Here, we apply it to multiple ensemble forecasts of the
same model, initialized at different times and merged into a single ensemble. The source
and target vectors for a given valid time in our sensitivity analysis are therefore made up
of values obtained from different lead times of the forecasts. This is acceptable to us since
we are not interested in evaluating model performance at a fixed forecast horizon. We
have found that the statistical robustness of our results is considerably enhanced when
combining consecutive ensemble runs compared to an analysis based on a single ensemble
only.

Source fields from the forecasts are considered only if their lead time exceeds 2 days in
order to ensure that the “memory of the initial perturbations” (Hakim and Torn 2008)
is lost. Data in the augmented ensemble are evaluated only if it is available from all
four original ensembles and not beyond lead times of 11.5 days. Statistical significance
is estimated with a bootstrap method (Wilks 2011) similar to that used by Gombos et
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al. (2012) in the context of ensemble regression. For each sensitivity map, we draw (with
replacement) 1000 one-hundred-member ensembles from the original 200-member ensem­
ble and recompute the sensitivities to obtain a distribution for the correlation coefficient
at every grid point. Only grid points at which this distribution has a standard deviation
smaller than or equal to 0.09 are classified as significant. The issue of field significance
(Wilks 2011, 2016) is addressed by always drawing complete forecasts instead of sampling
at every grid point independently.

We complement ESA with an examination of the clusters formed by the 15 highest- and
lowest-ranking forecast members according to the sensitivity target. For our purposes,
these are the strongest and weakest blocked members, respectively. This approach is very
close to ESA as demonstrated by Torn et al. (2015) and Magnusson (2017), who produced
maps very similar to correlation sensitivity maps by taking the difference of the mean
fields of such rank-based clusters. Here, mean fields of the rank-based clusters are used to
assess the evolution of the atmosphere at the two ends of the block development spectrum
in the ensemble. They provide the reference frame to examine sensitivity signals in the
context of the evolution of the atmospheric state. Finally, where a linear approximation of
sensitivity as obtained from correlations is insufficient, we examine the nonapproximated
relationship between two variables with a scatter plot for a region of interest.

3.4.5 Data

Forecast data were obtained from the operational archive of the European Centre for
Medium-Range Weather Forecasts (ECMWF). To cover the investigated blocking on­
set event, 50 perturbed members of the Integrated Forecasting System (IFS) Ensemble
Prediction System were obtained for each of the four consecutive runs initialized at 1200
UTC 9 December, 0000 and 1200 UTC 10 December and 0000 UTC 11 December 2016
(cf. Figure 10). At the time, IFS model cycle 43r1 was operational (ECMWF 2022). From
the forecast data, we use fields of temperature 𝑇 and the horizontal wind components 𝑢
and 𝑣 every 6 h of lead time out to 12 days with a horizontal resolution of 2° in both lati­
tude and longitude. Fields were downloaded for vertical levels 10, 50, 100, 200, 250, 300,
400, 500, 700, 850, 925 and 1000 hPa. Computations are performed on a different, higher
resolution ln(𝑝)-based vertical grid set up by the hn2016_falwa functions onto which the
model output temperature and wind data are interpolated.

𝑇 , 𝑢 and 𝑣 were retrieved with the same configuration from the ERA5 reanalysis dataset
(Hersbach et al. 2020; Hersbach et al. 2023). The reanalysis data are used as a reference
for the actual evolution of the atmospheric flow in the considered period.



38 A Local Wave Perspective on the Dynamics of Atmospheric Blocking

120°W 60°W 0° 60°E
20°N

40°N

60°N

80°N
(a) q (7 km), A cos( ) 18 Dec 2016 00 UTC

60°W 0° 60°E

(b) A cos( )

60

60
60

60

60

60

60°W 0° 60°E

11 Dec

13 Dec

15 Dec

17 Dec

19 Dec

21 Dec

23 Dec

(c) F

0

00

600

600
600

600

60
0

60
0

60
0

60
0

0 20 40 60 80 100 120 140
A cos( ) [m s 1]

800 600 400 200 200 400 600 800
F  [m2 s 2]

Figure 11: Overview of the blocking event discussed in section 3.5 based on ERA5 data. (a) Contours of
PV 𝑞 on the 7-km height level (𝟣 × 𝟣𝟢−𝟦 and 𝟤 × 𝟣𝟢−𝟦 𝗌−𝟣) and vertically averaged local wave activity ⟨𝐴⟩ cos(𝜙)
(shading) for 0000 UTC 18 December 2016. The dashed box encloses the target evaluation region used in the
assessment of block strength in the sensitivity analysis. (b),(c) Longitude–time Hovmöller diagrams of ⟨𝐴⟩ cos(𝜙)
and local wave activity flux ⟨𝐹𝜆⟩ = 𝐹1 + 𝐹2 + 𝐹3, respectively. The meridional dimension is reduced by area-
weighted averaging between 35° and 65°N. The horizontal dashed lines indicate the target evaluation time. For
comparison with Figs. 5A and 5C of NH18, the black contours in (b) indicate 𝟨𝟢 𝗆 𝗌−𝟣 and the grey and black
contours in (c) indicate 𝟢 and 𝟨𝟢𝟢 𝗆𝟤 𝗌−𝟤, respectively.

3.5 The December 2016 Blocking Event

The 4-day period from 16 to 19 December 2016 was identified by NH18 as being si­
multaneously in the top 5th percentile of column-averaged LWA and in the bottom 5th
percentile of average zonal wind at 9°W, 45°N in a 1979 to 2016 dataset (their Table S1,
event 24). Maddison et al. (2019) found that an ensemble forecast initialized on 9 Decem­
ber 2016 contained one of the 20 most uncertain block onsets in the Euro-Atlantic region
in their dataset. Following these recognitions as a notable period of blocking and forecast
uncertainty in earlier studies, we choose to further analyze this December 2016 blocking
event.

3.5.1 Episode Overview

A block is formed by an anticyclonic wave overturning pattern in the upper-tropospheric
PV field on 18 December 2016 (Figure 11a), created by an excursion of low-PV air north
of the Iberian Peninsula. We can expect easterly wind to locally replace the usually
westerly jet stream at around 50°N due to the meridional PV gradient reversal over
western Europe. Farther to the west and all the way back to the Rocky Mountains, the
PV contours are generally zonally oriented and dense, suggesting a strong gradient. In
contrast, a weak gradient is found over eastern Europe in the remnants of a ridge that
was situated over Europe previously (not shown).
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Collocated with the blocked flow in Figure 11a is an LWA maximum with values exceeding
100m s−1. The maximum is centered between the northern and southern PV anomalies of
the block and constitutes the largest-amplitude signal in the domain. Weaker secondary
LWA maxima are found north of the troughs at 40°W and 100°W and in the region of
weakened PV gradient over Eastern Europe. We can see that LWA quantifies meanders
in the PV field effectively, including the nonlinear overturning of the PV contours in
the block. The temporal evolution of LWA averaged meridionally in the midlatitude
range of 35°–65°N (Figure 11b) shows that the maximum on 18 December represents
the initial peak in a period of enhanced LWA in the European sector that lasts until
23 December. The local wave activity feature associated with the block moves eastward
by about 40° longitude in that period. Enhanced LWA is already found in Europe prior
to 18 December, with 60 m s−1 exceeded multiple times around the prime meridian from
11 to 17 December. This first phase of enhanced LWA is accompanied by overall weak
zonal fluxes of LWA in the region upstream of Europe (Figure 11c). On 16 December,
800 m2 s−2 of flux is exceeded and two strong maxima of ⟨𝐹𝜆⟩ are seen over the Atlantic
during the second phase of enhanced LWA after 17 December. Flux maxima generally
propagate faster across the Atlantic than the wave activity maxima over Europe drifting
eastward.

Comparing the evolution of LWA and its zonal flux in Figure 11b and 11c to the multievent
composite of NH18 (their Figs. 5A and 5C), we find similar values of LWA in the blocked
region, although there is less eastward movement of the maximum in the composite.
The evolution of the flux is rather different, with the largest values of flux found here
just before and during the blocking episode, while NH18 found enhanced flux for the
whole two weeks prior to onset. Negative values are virtually absent from Figure 11c, but
are found in the composite block. However, NH18 looked at a single latitude only while
we apply meridional averaging. The existence of a residual eastward flux in our case is
furthermore consistent with the eastward drift of the blocking system.

For the purpose of our analysis in the LWA framework, we consider 17 December 2016 as
the onset day of a blocking event. It falls within the period identified by NH18 (16–19
December), but is after the 15 December onset date chosen in the study of Maddison et al.
(2019). While the earlier ridge identified by Maddison et al. (2019) is of large amplitude, it
is not associated with a significant change in midlatitude LWA over Europe (Figure 11b).
In contrast, values of LWA almost double during 17 December and enhanced zonal LWA
flux arrives from the upstream region (Figures 11b,c). Further inspection reveals that the
earlier ridge has strongly differing characteristics from the later blocking pattern (not
shown), in particular a lack of the strong PV overturning seen after onset on 18 December.

To quantify the strength of the block at any time with a scalar metric, we consider a
“target region” from 35° to 65°N and from 30°W to 10°E (dashed box in Figure 11a).
The temporal evolution of reanalysis-derived LWA, aggregated in this region with an
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Figure 12: (a) Time series of the target metric (used to quantify the strength of the blocked flow pattern) in
the sensitivity analysis time period (see Figure 10), evaluated with data from reanalysis (bold black line) and
all members of the forecast ensemble (grey, red and blue lines). The vertical dashed line indicates the target
evaluation time. The red- and blue-colored lines highlight the 15 top- and bottom-ranking ensemble members in
the distribution of the target metric at the target evaluation time, respectively. (b),(c) Mean fields of PV at 𝟩 𝗄𝗆
height (contours, as in Figure 11a) and LWA (shading) of the 15 top- and bottom-ranking ensemble members,
respectively, at 0000 UTC 18 Dec 2016. The contour levels, color bar and target evaluation region box (dashed)
are identical to that of Figure 11a.

area-weighted average is shown in Figure 12a. Values of 50 to 57 m s−1 are seen until 17
December, when the LWA average increases by 20 m s−1, reaching a peak of 75 m s−1 on
18 December. Values drop soon after the peak and continue decreasing throughout most
of the depicted time period, consistent with the weakening and eastward drift of the LWA
maximum (Figure 11b).

LWA diagnostics are based on dry dynamics but account for nonconservative processes
implicitly when evaluated with data that include their effect. To assess the role of diabatic
LWA sources and sinks in our blocking onset event, maps of LWA change in the 2.5
days prior to 18 December 2016 for the individual terms of the budget equation (44) are
shown in Figure 13. Consistent with the evolution seen in Figure 12, LWA increases in
the target evaluation region in the considered period (Figure 13a). Convergence of the
zonal LWA flux is collocated with the region of largest LWA increase (Figure 13b). Large
values of ⟨𝐹𝜆⟩ are situated just upstream of the convergence region, transporting LWA
eastward from a region south of Greenland, where strong divergence and negative LWA
change are found. Nonconservative processes act as an LWA sink in the target evaluation
region prior to and during onset and as an LWA source upstream in the North Atlantic
(Figure 13c). This picture is similar to the one seen by Neal et al. (2022) who investigated
a summer block associated with a Pacific Northwest heatwave in terms of the LWA budget.

The presence of a diabatic source of LWA upstream of the developing block gives additional
weight to previous studies that emphasize the role of diabatic processes in blocking onset.
However, from Figure 13 and the spatial correlation of each budget term withΔ⟨𝐴⟩ cos(𝜙),
we conclude that the zonal LWA flux is most directly associated with the increase in
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Figure 13: Terms of the column-LWA budget [equation (44)] between 12000 UTC 15 Dec and 0000 UTC 18
Dec 2016 based on ERA5 data. (a) LWA change. (b) Time-integrated zonal convergence of the zonal LWA flux
(shaded) and contours of the zonal LWA flux (in 𝗆𝟤 𝗌−𝟤). (c) Residual term obtained from the difference between
the LWA change and the sum of the zonal convergence of the zonal LWA flux, meridional eddy momentum flux
divergence and the low-level eddy meridional heat flux. The latter two terms are neglected terms in equation (44)
(Huang and Nakamura 2017). The spatial correlation between Δ⟨𝐴⟩ cos(𝜙) and the respective budget term inside
the target evaluation region (dashed box) is given above the top right corners of (b) and (c). For comparison,
𝑟 = −𝟢.𝟦𝟢 for the divergence of the eddy momentum flux and 𝑟 = −𝟢.𝟥𝟣 for the low-level meridional heat flux
(not shown).

LWA at the block location while the diabatic processes act as an upstream LWA forcing.
Thus, we focus on LWA transport as the main influence on the block development in the
following.

3.5.2 Forecast Overview

We use the value of the LWA-based metric of the strength of blocking at 0000 UTC 18
December 2016 as the target of our sensitivity analysis. The evolution of the target metric
for the 200 members of our augmented ensemble approximately follows the reanalysis time
series in Figure 12a with some spread but few major deviations until 15 December. Spread
then increases in the following two days, with more forecast members deviating towards
lower values of LWA than towards higher values compared to the reanalysis. Simultaneous
with the increase in LWA during 17 December, the ensemble spread increases further and
remains high throughout the rest of the forecast period. On 18 December, the ensemble
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Figure 14: Forecasts of the target metric (LWA aggregated over 35°–65°N, 30°W–10°E; dashed box in map
panel insert) valid at 0000 UTC 18 Dec 2016 from ECMWF ensembles with different initialization times (horizontal
axis). The box and whiskers indicate the 10th, 25th, 75th and 90th percentile of the 50 perturbed members of
each ensemble; the grey line marks each ensemble's mean. Members above and below the 10th–90th percentile
range are marked in red and blue, respectively. The black box and whiskers highlight the four initialization times
combined in the augmented ensemble. The target value based on reanalysis data is marked with a black horizontal
line and a star at the valid time.

members show a variety of block strengths according to our LWA-based metric, from
values of about 40 m s−1 up to about 80 m s−1, exceeding the reanalysis value.

Figure 14 shows the evolution of forecast uncertainty of all ECMWF ensembles initialized
in the 10 days prior to the establishment of the block. The majority of forecasts initialized
prior to 1200 UTC 12 December underestimate the block strength as measured by our
LWA-based metric, though the reanalysis value is almost always inside the range of values
produced by the individual forecast ensembles. After 12 December, ensemble means
deviate from the reanalysis value only by a few ms−1. The characteristics of the ensembles
included in our augmented ensemble are generally similiar and intraensemble variability
dominates interensemble variability. Our 200-member ensemble should therefore represent
the medium-range forecast variability associated with the block onset well. We have
verified that all following results can be reproduced from each of the four ensembles
individually, albeit at lower levels of statistical significance.

We want to gain further insight into the differing evolutions of the ensemble by clustering
members according to their rank in the distribution of the evaluated target metric on 18
December. The 15 forecasts with the highest values are grouped into a “top(-rank) cluster”
and considered to be the most (strongly) blocked members, while the 15 members with the
lowest values are grouped into a “bottom(-rank) cluster” and considered to be the least
(strongly) blocked. Members from both clusters are highlighted in Figure 12. The top-
rank cluster generally follows the reanalysis data well until the LWA peak (Figure 12a),
after which increased spread becomes noticable. The bottom-rank cluster members evolve
consistently below the reanalysis curve from 16 through 18 December. A few members
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in the bottom cluster show a delayed onset of LWA growth and peak on 19 December.
Others experience a much weaker or no LWA increase. Spread remains high after 19
December.

Figures 12b and 12c show maps like Figure 11a but for the means of the top- and bottom-
rank clusters, respectively. The pattern formed by the mean PV contours of the top cluster
closely resembles that of the reanalysis data. In particular, it contains the anticyclonic
overturning in the target region and a collocated LWA maximum exceeding 100m s−1. In
the bottom-rank cluster, a weak ridge is situated over the eastern North Atlantic and the
Iberian Peninsula. There is little indication of contour overturning and the trough south
of Greenland is less pronounced compared to the top cluster mean PV field. Cluster-mean
LWA does not take on values larger than 60 m s−1 in the target region. Outside of the
Atlantic and western European regions, PV and LWA show few differences between the
two clusters and reanalysis. PV contours are predominantly zonal over North America
and a weak PV gradient is found east of the target region.

We find that the members of our augmented ensemble evolve into both strongly and
weakly blocked configurations over Europe on 18 December 2016, with some members
able to capture the actual evolution as determined by the reanalysis well during the
blocking onset. The ensemble is therefore suited for performing ESA with respect to the
block strength on 18 December.

3.5.3 Idealized Simulations

We see an enhanced zonal LWA flux from upstream into the target region prior to 18
December (Figure 11c) and find that the convergence of this flux correlates well with
the LWA increase in the target region (Figure 13). Now, we further investigate the
role of this local wave activity flux in the flow transition. Before applying the sensitivity
techniques to our augmented NWP ensemble, we first obtain a baseline for our expections
in the traffic jam framework. We set up the 1D idealized model of NH18 to resemble the
December 2016 blocking episode (see section 3.9 for details) and run 25 simulations with
varying strength of upstream LWA forcing and, thus, varying strength of upstream LWA
flux. The sensitivity of block development to the upstream flux is determined with ESA
and a scatter analysis based on this idealized ensemble. With the onset threshold ̂𝐴C

known in the idealized setting, the model experiment allows us to characterize how the
traffic jam mechanism leaves an imprint on our variables of interest.

Figures 15a and 15b show the ensemble-mean evolution of LWA and LWA flux, respec­
tively, in our idealized simulations. All simulations start with a local maxmium of LWA
over Europe, which preconditions the region for blocking onset. A burst of LWA flux
from days −3 to 0 transports LWA from the region of prescribed LWA forcing across the
Atlantic. With the arrival of the flux over Europe, the preexisting LWA maximum inten­
sifies. Members with strong prescribed forcing develop a shock front at the leading edge
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Figure 15: Blocking onset simulated with the 1D traffic jam model. (a) Longitude–time Hovmöller diagram of
ensemble-mean LWA of the reference simulations with 𝑢ref + 𝑐g = 𝟨𝟢 𝗆 𝗌−𝟣 and 𝑡up = −𝟤 days. (b) Ensemble-
mean LWA flux of the reference simulations, represented by the anomalies of ̂𝐹 with respect to ̂𝐹 at −𝟧 days. (c)
Hovmöller diagram of the correlation of mean LWA in 30°W–10°E at +𝟢 days [representing block strength; thick
line in (a)] with ̂𝐹 in a 125-member ensemble assembled from the reference simulation and parameter perturbation
experiments (the latter are included mainly to ensure numerical stability in the computation of the correlations).
The 𝟥𝟨𝟢 𝗆𝟤 𝗌−𝟤 contour of anomalous ̂𝐹 is shown for reference. (d) Relationship between mean anomalous LWA
Flux from 90° to 15°W at −𝟤 days [representing incoming wave activity from upstream; thick line in (b)] and
aggregated LWA in 30°W–10°E at +𝟢 days. The reference simulation is shown with the black line and points.
Black-filled (grey-filled) markers highlight simulations where the LWA capacity ̂𝐴C is exceeded at (after) +𝟢 days.
The grey lines show perturbed ensembles with 𝑢ref + 𝑐g changed by ±𝟧 𝗆𝗌−𝟣 and the upstream forcing shifted by
±𝟢.𝟤 days.

of the LWA maximum (not shown), an indication of block formation and wave breaking
in the atmospheric context (Nakamura and Huang 2017). LWA associated with the block
decays gradually after day +1. LWA flux remains positive inside the block, a limitation of
the 1D model (NH18). The idealized evolution of LWA and LWA flux in Figure 15 is not
unlike the evolution in the December 2016 blocking episode (Figure 11). The simulations
are smoother in space and time (except for the shock formation) but capture and isolate
the features of interest in our analysis.

As a first test of the sensitivity analysis, we correlate block strength, measured by aver­
aging LWA over western Europe on day 0, with the LWA flux (Figure 15c). The largest
positive correlations are collocated with the occurrence of the upstream LWA flux prior
to day 0 and with the western side of the block after. Given our model setup, this is the
expected signal: ESA associates strong blocking with stronger upstream fluxes. A closer
look at the connection between block strength on day 0 and upstream LWA flux on day
−2 reveals that their relationship is weakly nonlinear (Figure 15d). LWA accumulation
in the blocking region appears to be slightly more effective for stronger than for weaker
upstream forcing. At around 600 m2 s−2 of LWA flux or 72 m s−1 of LWA, a saturation
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effect sets in. In these strongly forced scenarios, the leading edge of the block has already
propagated to the west of 30°W by day 0 and with it the region where LWA accumulates.

In the idealized setting, we can compute the threshold ̂𝐴C for the onset of an atmospheric
“traffic jam”. Simulations where the onset threshold is exceeded are marked in Figure 15d.
Traffic jam blocks at +0 days are found above 67 m s−1 aggregated LWA in the blocking
region or above 55m s−1 for traffic jams occuring on day 0 or later. Notably, the transition
between nonblocked and threshold-exceeding simulations in the LWA–flux relationship is
smooth. Exceedance of the traffic jam threshold changes the development of the solution
qualitatively and determines if a block develops. However, because the accumulation of
LWA during onset is governed by the availability of LWA flux from upstream, the threshold
behaviour does not translate into a discontinuous LWA–flux relationship.

The occurrence of wave breaking and meridional and vertical variations in LWA and
LWA transport complicate the translation of concepts from the idealized 1D model to
a realistic 3D setting. It is therefore nontrivial to obtain a precise value of the traffic
jam threshold from reanalysis or NWP forecast data. Instead of attempting to estimate
̂𝐴C in the following, we carry out a simple perturbation experiment with the 1D model

here and assess how uncertainties in the model parameters are likely to affect our results
below. Figure 15d shows the response of the LWA–flux relationship to perturbations of
𝑢ref + 𝑐g and the timing of the upstream forcing 𝑡up. We find the qualitative behavior
unchanged by the perturbed parameters. Less (more) flux at day −2 is required to reach
the same level of LWA if the upstream forcing sets in earlier (later) or if the background
state group velocity is smaller (larger). We do not control for the timing of the upstream
LWA flux, the blocking onset date or the influence of the background state in the following
analysis. The idealized simulations suggest that this will lead to increased scatter in
our assessment of the relationship between LWA and LWA flux. When we quantitatively
compare idealized and NWP model data, conclusions drawn from such comparisons can
only be of qualitative nature.

3.5.4 Analysis of the Upstream Region

With more precise expectations for the influence of the upstream LWA flux on the block
development obtained from the idealized experiment, we return to the ensemble of NWP
model forecasts for the December 2016 blocking episode. LWA aggregated in the target
region on 18 December is used to assess the strength of blocking and serves as the sen­
sitivity target. Source fields are obtained from ⟨𝐹𝜆⟩ at various times around onset. For
the correlation maps shown in Figure 16, this means positive (negative) correlations in­
dicate regions where an increase of the zonal LWA flux is associated with a more (less)
pronounced blocked flow pattern on 18 December according to the ensemble statistics.
Contours of the mean zonal LWA flux from the top-rank cluster are plotted to provide
additional context.
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Figure 16: Sensitivity maps for the period prior to and around block onset. (a) Correlation (shaded) of zonal
LWA flux ⟨𝐹𝜆⟩ (source) and the sensitivity target for 0000 UTC 18 Dec 2016. The mean ⟨𝐹𝜆⟩ of the 15 top-
ranking (strong block) forecasts in the ensemble (red members in Figure 12) is shown for reference (contours; in
𝗆𝟤 𝗌−𝟤). (b)–(d) Same as (a) but for source fields valid at 24, 48 and 72 h prior to the target evaluation time. The
box in (c) indicates the aggregation region used in Figure 17. (e) Longitude-time Hovmöller diagram of sensitivity
showing correlations of meridionally averaged zonal LWA flux (extent is 35°–65°N, as shown in the map panel above
the horizontal axis). The horizontal dashed line marks the target evaluation time. Regions where correlations are
statistically significant are indicated with stippling.

The sensitivity map for both source and target valid at 0000 UTC 18 December (Fig­
ure 16a) shows positive correlations in a region stretching westwards from Scandinavia
to the British Isles and southeastern Greenland. Collocated is a region of large positive
values of ⟨𝐹𝜆⟩ in the top cluster mean. To the south sits a smaller region of negative cor­
relation over and west of the Iberian Peninsula. The LWA flux in the top cluster mean
at these latitudes is weak but positive. Only smaller and weaker patches of correlations
compared to these signals over western Europe are visible in other regions of the map.
Notably, no sensitivity to a top cluster flux maximum found at the U.S. East Coast is
detected.

The sensitivity map associated with ⟨𝐹𝜆⟩ evaluated 24 h before the target evaluation
time (Figure 16b) also shows the negative correlation signal over the Iberian Peninsula,
although weaker. The northern region of positive correlation can be tracked back to the
upstream region of the developing block over the Atlantic. Secondary maxima of both top
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cluster mean flux and correlation exist to the west over Newfoundland and Quebec and
to the east over Scandinavia. Considering that both LWA and its zonal flux retain phase
information from the underlying eddies, this pattern invokes the image of a Rossby wave
train extending across the North Atlantic. The wave train pattern, weaker but with little
change in location, also exists at a time difference of -2 days between source and target
(Figure 16c). Both positive and negative correlations over most of western Europe and
the North Atlantic are weaker and the strongest sensitivity is now found in the western
flux maximum of the top-rank cluster in northeastern Canada. We further examine the
sensitivity signal at −2 days below. Correlations are generally small at a time difference
of −3 days (Figure 16d).

Averaging over the meridional extent of 35°–65°N, we can capture major features of this
development with a Hovmöller diagram (Figure 16e). Positive correlations of our target
metric evaluated at 0000 UTC 18 December and the meridionally averaged zonal LWA
flux fields are collocated with regions of enhanced flux upstream of the block in the top
cluster up to 2.5 days earlier. This is consistent with the similar evolution of the top
cluster and reanalysis noted above, which also shows this enhanced flux (Figure 11c).
The associated sensitivity found in the ensemble suggests that the arrival of LWA in
Europe with this flux is important for the subsequent block development. The same
general pattern of upstream LWA flux and collocated sensitivity signal was found in the
idealized experiment (Figure 15c). Notably absent from the Hovmöller plot is the strong
positive correlation signal at the block location on 18 December. Here, the positive and
negative correlations in the north and south, respectively, appear to “cancel out” due to
meridional averaging (cf. Figures 16a,e on 18 December from 30°W to 0°). This issue will
be addressed in the next section.

We choose 0000 UTC 16 December (−48 h) to further investigate the influence of the
upstream LWA flux prior to the flow transition. From the top cluster-mean flux and
PV fields (Figure 17a), we can confirm that the previously identified sensitivity and flux
pattern across the Atlantic is associated with an upper-tropospheric Rossby wave packet.
The flux maxima are clearly embedded in the meanders of the PV contours with troughs
located at 70° and 20°W and ridges at 40°W and 10°E. In comparison, we find a much
weaker trough–ridge–trough pattern across the Atlantic in the bottom cluster mean (Fig­
ure 17b). The associated fluxes are weaker as well, consistent with the positive correla­
tions found in the sensitivity maps. The ridges over Europe and the downstream regions
in Asia look overall similar in both clusters. The stark difference in strength of upstream
⟨𝐹𝜆⟩ between the two clusters exists from 1200 UTC 15 December to 0000 UTC 17 De­
cember (Figure 17c). No differences between the clusters is seen before 15 December and
members of the bottom cluster reach significantly enhanced levels of LWA flux in the At­
lantic only during 17 Dec, when both clusters begin to integrate into the overall spread
of the ensemble.
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Figure 17: Further analysis of the sensitivity of the target (block strength) to ⟨𝐹𝜆⟩ in the upstream region on
0000 UTC 16 Dec 2016. (a),(b) Cluster-mean fields of the zonal LWA flux for the top- and bottom-rank forecast
member clusters (shading). The 7-km-height PV field is shown as well (contours; as in Figure 11a). (c) Evolution
of the zonal LWA flux ⟨𝐹𝜆⟩, averaged with area weighting in the region 35°–65°N, 90°–15°W from 14 to 18 Dec.
The aggregation region is highlighted by the box in (a) and (b) as well as in Figure 16c. (d) ⟨𝐹𝜆⟩ at 0000 UTC
16 Dec 2016, averaged as in (c), plotted against the value of the target metric at 0000 UTC 18 Dec 2016 for
every ensemble member and for reanalysis data. The correlation value for the ensemble data is stated above the
top-right corner. The line shows the reference simulations from the idealized experiment in Figure 15d. The solid
section of the line corresponds to simulations where ̂𝐴C is exceeded on day 0, the dashed section where ̂𝐴C is
exceeded after day 0 and the dotted section where ̂𝐴C is never exceeded.

To gain more insight into the functional relationship of upstream LWA flux prior to
the blocking onset and the block strength, we aggregate ⟨𝐹𝜆⟩ in the region marked in
Figure 16c as well as Figures 17a and 17b. In a scatterplot of the aggregated flux on
16 December against the target metric on 18 December (Figure 17d), positive correlation
can readily be identified from visual inspection of the point cloud. Higher values of ⟨𝐹𝜆⟩
are generally associated with stronger blocking. The actual value of correlation is 0.66
which is larger than the correlation found in most of the aggregation region in Figure 16c.
The aggregation appears to enhance the sensitivity signal for the entire region. Points
from the top-rank cluster show higher values of aggregated flux than all but one member
of the bottom-rank cluster. The reanalysis is centered inside the top cluster.

Data from the NWP ensemble are scattered around the simulated LWA–flux relationship
from the idealized setting in Figure 17d. As in the 1D experiment, the transition from
nonblocked to blocked scenarios is continuous and does not exhibit strong nonlinearity.
Considering the large differences in model complexity as well as parameter uncertainty in
the 1D model setup, the NH18 traffic jam theory of blocking onset provides a reasonable
fit to the NWP data. It suggests that the upstream LWA flux prior to 18 December was
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Figure 18: Sensitivity analysis as in Figure 16, but for selected terms of the zonal flux of LWA only. (a)–(d)
Sensitivity of the target metric at 0000 UTC 18 Dec to 𝐹1 + 𝐹3. (e)–(h) Sensitivity to 𝐹2. Filled contours show
correlation, the stippling statistical significance. The black contours indicate the mean fields of the respective parts
of the flux of the top-rank cluster. Contours of negative values are plotted as dashed lines. The valid time offset
of the sensitivity source fields with respect to the target evaluation time is given in the panel captions. Valid time
advances from bottom to top.

strong enough to trigger an atmospheric traffic jam in some forecasts of the ensemble.
The comparison to the idealized simulations is valuable as a qualitative result, but we
caution against a quantitative overinterpretation of the traffic jam model data in the
context of Figure 17d. This particularly pertains to the threshold value, which can be
quite sensitive to details of the idealized analogue setup and, as mentioned previously, is
a difficult concept to translate into a realistic three-dimensional atmosphere.

3.5.5 Analysis of the Blocked Region

In Figure 16, we saw a meridional dipole develop at the block location in the correlation
field of the blocking strength and the zonal flux of LWA. According to the ensemble,
block-dominated members are associated with weaker flux in southwestern Europe but
stronger flux at around 60°N. We now investigate this phenomenon further by splitting
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⟨𝐹𝜆⟩ into the terms 𝐹1+𝐹3 and 𝐹2. The LWA flux due to 𝐹1+𝐹3 can be associated with
Rossby wave group propagation, while 𝐹2 quantifies the nonlinear modification of the flux
due to the presence of large-amplitude waves (see above; NH18). Repeating the previous
analysis for both contributions to the total flux individually, sensitivity can be associated
with the corresponding physical processes. We shift focus from the upstream region to
the development of the blocked flow pattern over Europe.

Figures 18a–d show sensitivity maps for the group propagation terms 𝐹1 + 𝐹3. A region
of positive correlation is collocated with a central flux maximum moving towards Europe
in the top-rank cluster during the flow transition (−24 and 0 h). Significant regions of
negative correlations are found dotted around the edges of the Atlantic 𝐹1+𝐹3 maximum.
From a comparison of the top- and bottom-rank cluster mean flux fields (not shown)
we find that the top-cluster Atlantic 𝐹1 + 𝐹3 maxima, while stronger, are more spatially
compact with stronger gradients at the edges that give rise to the surrounding negative
correlations. At 0 h, the flux contours and sensitivity patterns look qualitatively different
to the full flux (c.f. Figure 16a and Figure 18b). The northward shift of the maximum on
18 December in the top cluster is less pronounced and no negative correlations are found
at 40°N over western Europe. Correlations weaken in the target region in the further
evolution and only the downstream edge of the flux maximum between 40° and 60°N
over Europe exhibits notable positive correlation (Figure 18a). 𝐹1 + 𝐹3 is positive almost
everywhere in the top-rank cluster mean.

Values of and sensitivities with respect to the nonlinear zonal flux term 𝐹2 (Figures 18e–h)
differ substantially from those of the group propagation terms. On 16 December (−48h) 𝐹2

is negative throughout most of Europe in the top cluster, with a weak negative correlation
signal over western Europe. A dipole in both flux and sensitivity appears on 17 Dec,
with positive 𝐹2 and positive correlations in a region south of Iceland, while the negative
flux over the continent intensifies and with it the negative correlations. The maximum
of the dipole moves to the Norwegian Sea on 18 December (+0 h) and amplifies to over
800 m2 s−2 of flux in the top cluster. Meanwhile, the zonally elongated southern part of
the 𝐹2 dipole also intensifies together with its associated negative correlations. The dipole
then weakens and drifts eastward slowly and collocated correlations decay simultaneously
(+24 h). Because correlations have the same sign as 𝐹2 throughout the dipole, we can
associate stronger blocking with a more intense dipole pattern.

The meridional structure apparent in the evolution of 𝐹2 around the onset time and the
associated sensitivity dipole stand in contrast to the overall meridionally homogenous
behaviour of 𝐹1 + 𝐹3 in the midlatitudes. From a comparison of the top cluster-mean
zonal LWA fluxes and the ensemble sensitivity patterns of the full flux (Figures 16a–c)
to those of 𝐹1 + 𝐹3 (Figures 18b–d) and 𝐹2 (Figures 18f–h), it can be concluded that the
term 𝐹2 plays a major role in shaping the full flux during and after the blocking onset. 𝐹2

counteracts the positive contribution of 𝐹1+𝐹3 to ⟨𝐹𝜆⟩ around 40°N over western Europe
and is the main contributor to the northern positive flux maximum over Europe.
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Figure 19: Cluster-mean fields of term 𝐹2 of the zonal LWA flux for the (a) top- and (b) bottom-rank forecast
member clusters (shading) at 0000 UTC 18 Dec. The cluster-mean 7-km-height PV fields are shown with black
contours as in Figures 11a, 17a and 17b.

These features of 𝐹2 appear to be associated with the upper tropospheric flow, as illus­
trated in Figure 19 which depicts the 𝐹2 mean fields together with PV contours for the
two rank-based clusters on 18 December. The top-rank cluster mean (Figure 19a) shows
that the dipole in 𝐹2 is embedded into the high-over-low PV pattern that characterizes the
block. Negative flux is found in the southern part where the PV contours curl back and
zonal flow reversal can be expected. Positive flux is collocated with the anticyclonic PV
anomaly pushing north- and eastward in the Norwegian Sea. The bottom cluster mean
(Figure 19b) shows negative 𝐹2 over continental Europe and a positive flux in the north­
ernmost part of the ridge, but amplitudes are much weaker compared to the top cluster.
The differences between the two clusters reflect that 𝐹2 is the nonlinear flux term, quanti­
fying the impact of large-amplitude eddies on the zonal LWA flux. The overturning of PV
contours found in the strongly blocked ensemble members is a nonlinear process and 𝐹2

responds strongly to it, while the rather linear evolution of the ridge in the bottom-rank
cluster does not lead to much flux due to the term 𝐹2. For NH18, the negative 𝐹2 inside
the block, counteracting the group propagation terms, was essential in the derivation of
the traffic jam mechanism.

We have seen before in Figure 11 for the reanalysis data and Figure 16 for the top-rank
cluster mean fields that the full flux does not completely vanish or reverse in this blocking
event. A residual eastward flux remains, consistent with the observed eastward drift of
the blocking system. In the top-rank cluster mean fields of 𝐹2 in Figures 18e–g and 19a
we see contributions of either sign to the meridionally averaged ⟨𝐹𝜆⟩ at the block location.
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Figure 20: The relationship of LWA and its zonal flux presented similarly to Fig. 4 of NH18. ⟨𝐴⟩ cos(𝜙) vs ⟨𝐹𝜆⟩
(total; blue, grey, red) and ⟨𝐴⟩ cos(𝜙) vs 𝐹1 + 𝐹3 (orange), averaged in the region of 40°–50°N, 15°–5°W (shown
in the map panel in the top left) for 0000 UTC 18 Dec 2016. Each dot represents one forecast from the augmented
ensemble. Points showing the LWA–⟨𝐹𝜆⟩ relationship have been colored red or blue if the corresponding forecast
member belongs to the top- or bottom- ranking cluster, respectively. The reanalysis datapoint is additionally shown
as a star. To aid comparison, the plot also shows the linear (orange) and quadratic (black) fits to the point clouds
of LWA vs. 𝐹1 + 𝐹3 and ⟨𝐹𝜆⟩, respectively, from NH18 (reprinted with permission from AAAS). Note that the
assignment of LWA and the fluxes to the axes is inverted compared to Figure 17c.

Negative 𝐹2 constitutes an obstruction for Rossby wave propagation in the southern part
of the block while positive 𝐹2 provides a redirection of some of the LWA “traffic” in the
northern part and thereby weakens the obstruction in the meridionally averaged full LWA
flux. Here, our analysis goes beyond the capabilities of the idealized traffic jam model.
The evaluation of LWA and associated variables with 3D NWP data does not restrict us
to the onset phase or a meridionally averaged view and we obtain deeper insight into the
balance of contributions to the LWA evolution along the waveguide.

3.5.6 The LWA–Flux Relationship

NH18 assessed the relationship between LWA and its zonal flux at jet exit locations in
the eastern Pacific and Atlantic (their Fig. 4). Based on these data, they drew parallels
to the “fundamental diagram” of traffic flow (Treiber and Kesting 2013) and set up a
simplified one-dimensional model of the midlatitude LWA evolution that encapsulated
the traffic jam onset mechanism for blocking. As in Figure 17, we can use the ensemble
to map the relationship of LWA and its flux at the location of the block analogously to
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NH18. Instead of each data point corresponding to a different 4-day period in a reanalysis
dataset, each point now represents the forecast of a different ensemble member for the
same 4-day period.

Figure 20 summarizes the relationship of LWA and the zonal flux of LWA in the augmented
ensemble for the period from 16 to 19 December 2016 and a 10° × 10° region centered
on 45°N, 10°W. Note that this region contains 45°N, 9°W, the Atlantic jet exit location
analysed by NH18. A positively sloped, linear relationship between LWA and the sum of
the group propagation terms in the zonal LWA flux can clearly be identified (correlation
0.91). The data points are closely clustered around the linear fit of NH18 for their Atlantic
location, which is shown in Figure 20 for reference. The further addition of the nonlinear
term 𝐹2 in the LWA–⟨𝐹𝜆⟩ relationship introduces considerable scatter. However, the
effect of 𝐹2 is generally to decrease the total flux, in accordance with the negative 𝐹2

seen in the block previously. This decrease is particularly pronounced at large values of
LWA. Both magnitude and general behavior of the ⟨𝐴⟩ cos(𝜙) and ⟨𝐹𝜆⟩ relationship in
the ensemble are consistent with the data of NH18. The top cluster members are mostly
found in the lower right of the point cloud (i.e., high LWA, low flux), while the bottom
cluster is mainly found in the top left (i.e., low LWA, high flux).

Comparing our reanalysis data point to the values of NH18 for the same period
[⟨𝐴⟩ cos(𝜙) = 89.9 m s−1 and ⟨𝐹𝜆⟩ = 189.8 m2 s−2, their table S1], we see about 12 m s−1

less LWA and 100 m2 s−2 more flux here. This discrepancy is likely due to differences in
reanalysis products, data resolution and the spatial averaging applied here. We also find
that our augmented ensemble for this December 2016 case does not cover the same range of
values of LWA that is seen in the climatological study of NH18. ⟨𝐴⟩ cos(𝜙) in the ensemble
only varies between 40 and 90ms−1 in contrast to the 20–100ms−1 in the NH18 winter cli­
matology. Some predictability remains at the 5–10-day forecast lead times considered here
(Ferranti et al. 2015; Matsueda and Palmer 2018) so a narrower range of outcomes from
our ensemble covering a single case compared to a multi-decade climatological dataset is
to be expected.

A literal interpretation of the NH18 fit for the full flux in Figure 20 suggests that most,
though not all, ensemble members exceed the traffic jam threshold of ⟨𝐴⟩ cos(𝜙) ≈
55 m s−1 determined by the maximum of the fitted curve. This is consistent with our
comparison between the idealized simulations and the NWP data in Figure 17d, which
suggests that a majority of the ensemble members exceed the threshold on 18 Decem­
ber or thereafter. Again, we do not find discontinuous behavior around the estimated
threshold value or elsewhere in the LWA–flux relationship in Figure 20. As before, we are
cautious about such quantitative comparisons to threshold values intended for a realis­
tic atmosphere. Ultimately, it is the linear relationship of ⟨𝐴⟩ cos(𝜙) and 𝐹1 + 𝐹3 at the
block location and the effect of term 𝐹2 to reduce the total zonal LWA flux with increas­
ing levels of LWA which constitute the essential features that enabled NH18 to draw an
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analogy to the fundamental diagram of traffic flow. We find them here in our ensemble
just as they did in a climatological analysis.

3.6 Summary and Conclusions

We have carried out an analysis of a December 2016 blocking onset event in the qua­
sigeostrophic finite-amplitude local wave activity framework of Huang and Nakamura
(2016, 2017). With a 200 member ensemble, constructed from four consecutive initializa­
tions of 50-member forecasts from an NWP model, we conducted a sensitivity analysis
to understand the role of wave activity and zonal wave activity flux in the upstream and
formation regions prior to and during the block formation, respectively. Particular at­
tention was paid to features expected from an onset process governed by the traffic jam
mechanism of NH18.

The sensitivity analysis showed that enhanced zonal LWA flux in the Atlantic immediately
preceeding the flow transition had substantial impact on the development of the block.
Significant positive correlation between the block's strength just after onset and zonal
LWA fluxes from North America was found for lags of up to 2.5 days. While this stands in
contrast to the enhanced LWA flux seen throughout approximately 2 weeks before onset in
the NH18 Atlantic composite study, we could not access the same temporal range as
the NH18 composite due to limitations in our ESA setup. The rather short temporal
scale of features seen here agrees better with results from the one-dimensional traffic jam
model, superficially also with the composite of Nakamura (1994) and in particular with
the characterization of short-lived North Atlantic blocking events by Barpanda (2020).

As in the North Pacific case study of Neal et al. (2022), we identified a nonconservative
upstream LWA source as a major contributor to the LWA flux converging in the region of
the developing block. Both large-scale sources of wave activity, e.g., downstream disper­
sion of energy during the decay of the North Atlantic Oscillation (Luo et al. 2007; Yao
et al. 2016), and smaller-scale latent heat release, e.g., in warm conveyor belts (Pfahl et
al. 2015; Steinfeld et al. 2020) or mesoscale convective systems (Rodwell et al. 2013), are
known precursors of blocking over Europe. Our study quantified the wave activity flux
associated with such upstream processes and reinforces the notion that Rossby wave de­
velopments over North America and the North Atlantic can lead to European blocking.
The nature and predictability of the wave activity sources consequently affects the pre­
dictability of blocking onset (Magnusson 2017; Grams et al. 2018) and, importantly, ren­
ders it flow dependent.

The idea that forecast uncertainty may be enhanced if the atmosphere approaches the
onset conditions of a blocking onset mechanism motivated our study. We considered
this idea in the traffic jam framework of NH18, though other onset conditions, e.g., based
on energy saturation (Tanaka and Terasaki 2006) or phase-matching of eddies (Luo et al.
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2014), could have also been considered. The transition to blocked flow on 17 December
2016 investigated here is characterized well by the traffic jam framework. Despite the
threshold behavior inherent in the traffic jam onset mechanism, the relationship between
upstream LWA flux and the block strength after onset was found to be continuous in our
variables of interest for both idealized and NWP simulations. The growth of the block
is approximately proportional to the available incoming LWA flux, though other factors,
e.g., the atmospheric background state, modulate the relationship. Our results suggest
that the change to block development after exceedance of the traffic jam onset threshold
is better viewed as a qualitative change of flow regime, but further characterization is
required.

By decomposing the zonal LWA flux into terms representing group propagation and non­
linear modification, we could attribute sensitivity signals to specific dynamical processes
in the LWA framework. We found that the nonlinear term 𝐹2 shapes the major features of
the total LWA flux during the flow transition. It suppresses the flux in the southern part
of the block, making it essential in creating the obstruction for LWA transport that en­
ables the traffic jam mechanism. At the same time, the meridional dipole structure of 𝐹2

embedded into the wave breaking pattern provides a path to partially “redirect” eastward
LWA flux around the obstruction in the northern part of the block. This northern flux
path could be of further interest for a future investigation of stationarity and eddy-driven
maintenance during the mature phase of blocking from the LWA perspective.

The LWA framework of Huang and Nakamura (2016, 2017) proved to be effective for
our quantitative investigation of blocking onset. We were able to examine the evolution
of the block structure realistically based on gridded model data and also during the
nonlinear wave breaking stage, where the simplified one-dimensional traffic jam model of
NH18 is applicable with substantial caveats only. The source regions and propagation of
the precursor Rossby wave packet as well as the strength of the block were determined
with LWA and its flux, facilitated by the more wave packet-centered nature of LWA,
e.g., when compared to eddy kinetic energy (Huang and Nakamura 2017; Wirth et al.
2018). We thus obtained a succinct and integrated view of the synoptic- and large-
scale atmosphere, making the finite-amplitude local wave activity framework a compelling
choice for blocking studies. Our findings could furthermore be explicitly evaluated in terms
of the characteristics of the traffic jam onset mechanism.

We can of course make only limited statements about the general validity or impact of the
NH18 traffic jam hypothesis in the atmosphere based on a single case study. Restricted
by the range of scenarios produced by the ensemble and without explicit consideration of
the influence of the background state, we do not fully assess the sensitivities of our chosen
blocking onset event. Still, we identified suppression of the zonal LWA flux in the blocked
region and rapid accumulation of LWA simultaneously with an amplification of the blocked
flow. These are essential characteristics of the traffic jam mechanism. Together with
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the remarkable agreement of the LWA–flux relationship between the ensemble for our
specific case, our idealized 1D experiments and the climatological study of NH18, we
must consider the possibility that the traffic jam mechanism played an important role
in the onset of this December 2016 blocking event. That does not mean every onset of
blocked flow must be similarly influenced by the mechanism nor do we claim that every
onset is due to a “traffic jam” in the first place. Future investigations may benefit from
the combination of ensemble forecast data and the LWA tools of NH18 as demonstrated
in this work to approach the attribution of individual blocking events to the traffic jam
mechanism.
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3.9 Appendix: Traffic Jam Model Setup

We run numerical simulations with the traffic jam model (46) using an exponential time-
differencing fourth-order Runge–Kutta scheme (Cox and Matthews 2002; Kassam and
Trefethen 2005) with a time step of 300 s. The periodic domain from 𝑥 = 0 km to
𝑥 = 28.000 km is discretized with 1024 grid points and mapped to longitude such that
𝑥 = 0 km corresponds to 𝜆 = −180°. Spatial derivatives are evaluated in spectral space.
The implementation is included in our code repository (Polster 2022).
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Let

Hann𝑥0,𝑤(𝑥) =
{

cos2(𝜋𝑥−𝑥0−−−−−−−−−−𝑤 ) |𝑥 − 𝑥0| ≤ 𝑤−2

0 otherwise.

For our simulations, we set 𝛼 = 0.4 (NH18; after the correction from 23 April 2020),
𝜏 = 10 d and 𝜅 = 3.26 × 105 m2𝑠−1 (Paradise et al. 2019). The background state is
constructed with 𝑢ref + 𝑐g = 60 m s−1 and 𝐴0(𝜆) = 19 × Hann10°,135°(𝜆) m s−1, such
that ̂𝐴C = 56 m s−1 at the maximum of 𝐴0 and ̂𝐴C = 75 m s−1 in the regions where
𝐴0 = 0m s−1. We start simulations from ̂𝐴 = 0 m s−1 everywhere and run the model for
200 days with only a constant base forcing of ̂𝑆(𝜆) = ̂𝑆0 = 1.825 × 10−5 m s−2. After
this spinup phase, the transient LWA ̂𝐴 has reached a steady state and we set time to
−5 days. We then change the forcing to include a transient term in addition to the base
forcing

̂𝑆(𝜆) = ̂𝑆0 + ̂𝑆up × Hann−75°,75°(𝜆) × Hann𝑡up,3.5 days(𝑡)

and run the model for 8 days. For the reference simulation, 𝑡up = −2 days. The peak
transient forcing strength is varied from ̂𝑆up = 0 to 0.0007 m s−2 in 25 uniform steps to
generate the 25 simulations that form an ensemble.
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The Onset of a Blocking Event as a
“Traffic Jam” Revisited

4

Since the initial submission of the manuscript of Polster and Wirth (2023a), the under­
lying quasigeostrophic LWA diagnostics software package hn2016_falwa has received
significant updates to its data processing routines. The results of Polster and Wirth
(2023a) are revisited in this chapter based on a more recent version of the package.

4.1 Introduction

The data processing in chapter 3 (Polster and Wirth 2023a) is based on a version of the
software package hn2016_falwa from August 2021 (v0.5.0, Huang et al. 2021). Since
then, a new direct solver for the PV inversion problem for the zonalized background
state has been added to the package (Neal et al. 2022), providing a numerically more
stable alternative to the original successive overrelaxation scheme. The software package
has further received bugfixes, including one to correct the meridional eddy momentum
flux divergence computation in the LWA budget (v0.6.4, Huang et al. 2023a) and one to
correct the definition of 𝑢e in equation (45) to

𝑢e(𝜆, 𝜙, 𝑧, 𝜙′) = 𝑢(𝜆, 𝜙 + 𝜙′, 𝑧) cos(𝜙)−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−cos(𝜙 + 𝜙′) − 𝑢ref(𝜙, 𝑧) (50)

(v0.7.2, Huang et al. 2023b). The impact of these updates on the results of Polster and
Wirth (2023a) is explored and discussed based on reproductions of a selection of plots in
the following sections.

The reproduced analysis is based on hn2016_falwa version 0.7.2 from September 2023 and
the new direct numerical solver is used for the PV inversion. Enabled by the improved
numerical stability of the direct inverter, the spacing of the internal vertical grid used
during data processing has been refined to 500 m, up to a height of 20 km. This increase
in resolution only affects the internal vertical grid used by the software, not the resolution
of the input data which remains unchanged and as described in section 3.4.5. We have
chosen to impose the equatorward boundary for the inversion at 2°N, which was found
to give the best match between results obtained for a 1° horizontal grid spacing and 5°N
equatorward boundary as used by Neal et al. (2022) and the 2° grid spacing used by us.
A change of the horizontal grid spacing to 1° was considered here as well, but due to a
substantial increase in small-scale noise in the fields of LWA and all derived quantities at
1°, we decided to keep the coarser 2° horizontal spacing.
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Figure 21: Reproduction of Figure 11 based on the reprocessed dataset.

4.2 Episode and Forecast Overview

We start with a comparison of PV, LWA and LWA flux computed from the reanalysis data
(Figure 21, compared to Figure 11). The QG PV contours in the domain at 0000 UTC
18 December 2016 are very similar between both datasets. Minor differences are found
over Europe, where the structure is most complex, but the wave breaking signature re­
mains clearly recognizable in Figure 21a. The similarities in the PV fields translate into
equally similar fields of LWA, although the values of LWA in the reprocessed dataset are
overall slightly higher. The 20 m s−1 contour level is exceeded in a larger fraction of the
subtropics and troughs at 90°W and 35°W are associated with more LWA in Figure 21a
when compared to Figure 11a. At the block location, the LWA maximum has not in­
creased as much, but high values of LWA take up a larger fraction of the target box after
reprocessing. Because PV and LWA are calculated independently of the choice of solver
for the PV inversion in the hn2016_falwa package, any differences in these fields can be
attributed to the increase in the internal vertical resolution for the reprocessing.

The more intense colors in Figure 21b compared to Figure 11b indicate that a general
increase in the level of LWA is seen throughout the reprocessed dataset. However, no
substantial differences in the structure of LWA features are apparent in the considered
episode, both in terms of location and duration. In contrast, significant differences are
noticable when comparing the zonal LWA flux evolutions. Negative values were almost
absent in Figure 11c, but are prevalent outside of the European sector in Figure 21c, with
differences of up to 400m2 s−2 between the datasets. The major flux features in the Euro-
Atlantic region remain relatively unchanged, except for the eastward LWA flux maximum
over the western Atlantic from 15 December to 18 December, which is no longer found in
the reprocessed Hovmöller diagram. These inhomogeneous changes in the LWA flux stand
in contrast to the more homogeneous response of the LWA field and indicate a possible
change in the LWA–flux relationship.
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Figure 22: Reproduction of Figure 13 based on the reprocessed dataset.

Comparing the local LWA change over the 2.5 days before 18 December 2016 in Fig­
ure 22a to Figure 13a, only very minor differences are found. This is consistent with
the time-independent and homogenous change to the LWA level seen before, which only
has a small effect on the values of the LWA tendencies and leaves the structure of the
tendency fields unaltered. Changes in the individual process-related terms of the LWA
budget on the other hand are substantial in terms of their magnitude. While the zonal
LWA flux convergence and divergence patterns are relatively unchanged in Figure 22b,
their magnitude has increased in some locations by more than ±40 m s−1. This increase
is largely compensated by an analogous increase in the magnitude of the nonconservative
LWA change (Figure 22c). The nonconservative LWA sources over the Atlantic and the
sinks in the block development region and over northern and eastern Europe are stronger
and span larger areas.

The pattern correlation of the LWA change due to zonal flux convergence and the net
LWA change at the block location is similar in both datasets (0.74 and 0.77). For the
change associated with the divergence of the eddy momentum flux and the low-level
meridional heat flux in the reprocessed dataset correlations are −0.25 (was −0.40) and
−0.16 (was −0.31), respectively (fields not shown in Figure 22). The differences indicate
that the changes in the data processing have affected both budget terms, but, relative
to the convergence of the zonal LWA flux and the residual attributed to nonconservative
processes, they remain minor influences on the block development. The anticorrelation
of the residual term with the net LWA change in the target region is stronger in the
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Figure 23: Reproduction of Figure 12 based on the reprocessed dataset.

reprocessed dataset at −0.55 (was −0.35). The convergence of ⟨𝐹𝜆⟩ remains the only
term positively correlated with the net LWA tendency at the block location. Therefore,
despite significant differences in the LWA budget analysis, we can uphold our assessment
that the block development is mainly driven by the convergence of the zonal LWA flux.
The weakening of the LWA flux upstream over North America prior to onset and the
strengthening of the nonconservative LWA production over the Atlantic however suggest
that the sensitivity of the block to processes upstream may require reevaluation.

Differences seen for LWA in the reprocessed reanalysis are also seen in the reprocessed
ensemble (Figure 23, compared to Figure 12). A general increase of about 4 to 6 m s−1

of LWA is seen throughout the episode in the domain of interest for all members of
the augmented ensemble. Aside from this offset, relative changes during the temporal
evolution of the LWA-based target metric as well as the overall qualitative behavior of the
ensemble (Figure 23a) are not affected by the reprocessing. The same conclusion can be
reached for the cluster-mean fields (Figures 23b,c) and the ensemble forecast evaluation
chart for the target metric (no comparison shown for Figure 14), which looks the same
after adjusting for the LWA offset. After reprocessing, the selected episode and ensemble
data are therefore still appropriate for a sensitivity analysis in terms of the Nakamura
and Huang (2018) traffic jam mechanism for blocking onset.

4.3 Analysis of the Upstream Region

We again correlate the block strength on 18 December with the zonal LWA flux fields for
various lags using the reprocessed dataset (Figure 24, compared to Figure 16). At the
target evaluation time (Figure 24a), the structure and magnitude of correlations are very
similar in both datasets. A day earlier (Figure 24b), correlations at the locations of the
LWA flux maxima are slightly weaker over the western Atlantic in the reprocessed data,
while correlations are stronger over the eastern Atlantic. The LWA flux suppression over
the western Mediterranean is stronger in the reprocessed data. Differences at −48 h lag
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Figure 24: Reproduction of Figure 16 based on the reprocessed dataset.
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Figure 25: Reproduction of Figure 17 based on the reprocessed dataset. The extent of the upstream aggregation
box has been changed to 30°N to 60°N (was 35°N to 65°N) and 60°W to 15°W (was 90°W to 15°W).
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(Figure 24c) are found over northeastern North America, with a much weaker eastward
LWA flux and weaker correlations. The flux dipole between 60°W and 90°W has extrema
of similar magnitude in the reprocessed dataset, while the positive pole dominates in the
original dataset (Figure 16c). The structure develops from a negative-dominated dipole
24 hours earlier (Figure 24d) around 90°W, whereas a positive-dominated dipole is found
in the original dataset (Figure 16d). Correlations are overall weak in both datasets at
−72 h lag.

The differences in the upstream LWA flux feature over North America result in a weak­
ening of the associated sensitivity signal in the Hovmöller diagram for the midlatitudes
(Figure 24e). As for the reprocessed reanalysis data, the upstream westward flux signal
is missing in the top-rank cluster mean of the ensemble. The collocated correlations re­
main positive, but are significantly smaller. In contrast, the stronger LWA flux over the
eastern Atlantic in the 72 hours before the target evaluation time has little impact on the
correlation field. Negative correlations gain significance over North America around 14
December and lose significance at the block location after 19 December in the reprocessed
dataset. Eastward LWA flux over Europe after onset is more strongly highlighted by the
sensitivity analysis after reprocessing, superficially matching the positive correlation pat­
tern produced by the idealized ensemble experiment (Figure 15c).

The cluster-mean fields of ⟨𝐹𝜆⟩ (Figures 25a,b, compared to Figures 17a,b) show that
positive values within the east-coast trough have been replaced by negative values in the
reprocessed clusters. Outside of the differences associated with the trough, differences in
the LWA flux are consistent with those seen for the reanalysis data. Most flux maxima
are strengthened, while regions where the magnitude of ⟨𝐹𝜆⟩ is below 200 m2 s−2 in the
original data exhibit more negative fluxes in the reprocessed fields. In summary, the
ensemble sensitivity analysis indicates a significant reduction of the importance of the east-
coast trough system for the wave activity transport into the developing block. In keeping
with the original intention of the analysis in section 3.5.4, we exclude the trough region
in the following when aggregating ⟨𝐹𝜆⟩ to map the relationship between the strength of
the block and the upstream flux prior to onset. Therefore, the western edge of the region
of aggregation for the upstream flux on 16 December 2016 has been moved to 60°W.

With the adjustment of the aggregation region, the qualitative evolution of the upstream
LWA flux (Figure 25c) is similar in both datasets. The spread is larger for the reprocessed
fluxes, but the top-rank cluster continues to represent the reanalysis data well. Its mem­
bers exhibit generally greater upstream LWA flux compared to the low-rank cluster, with
one significant outlier that is also found in the high LWA–low flux corner of the sensi­
tivity scatter diagram (Figure 25d). The lagged correlation between upstream ⟨𝐹𝜆⟩ and
the block strength has decreased to 0.48 after reprocessing the data, a considerable re­
duction, though still significant and positive. Accordingly, ensemble members are more
scattered in the diagram. The ensemble continues to surround the relationship obtained
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Figure 26: Reproduction of Figure 20 based on the reprocessed dataset.

from the idealized simulations, with the shift to higher levels of LWA again noticable as
most members are found above the idealized curve in Figure 25d.

The reevaluation of the lagged relationship between the upstream LWA flux and our target
metric based on the reprocessed dataset suggests a weaker sensitivity of the block strength
to the magnitude of the LWA flux in the North Atlantic prior to onset. The weakening
is relatively minor over the eastern Atlantic and substantial over the western Atlantic
where a decrease and partial reversal of the LWA flux is found at the location of an
upper-tropospheric trough. The source of the change is a strenghtening of westward
(negative) LWA flux in both the group propagation and nonlinear components of the LWA
flux within the trough (not shown). After excluding the region of most significant change
from the analysis, a positive correlation between ⟨𝐹𝜆⟩ upstream and the block strength is
still found, but weaker than in the dataset of Polster and Wirth (2023a).

4.4 The LWA–Flux Relationship

The sensitivity analysis shows a mostly unchanged correlation map at lag 0 for the re­
processed dataset (Figure 24a), suggesting that the southern suppression and northern
redirection of LWA flux are similarly connected to the blocking system in both datasets.
Differences between the cluster-mean 𝐹2 fields on 18 December are indeed small when
compared (not shown). In addition, the fundamental diagram (Figure 26, compared to
Figure 20) retains its defining characteristics after reprocessing. The slope of the linear fit



66 A Local Wave Perspective on the Dynamics of Atmospheric Blocking

of NH18 for the group propagation terms 𝐹1 + 𝐹3 remains reasonable for the reprocessed
data (see also Figure 35a, a consistent recreation of the NH18 fundamental diagram). The
quadratic fit for the ⟨𝐴⟩ cos(𝜙)–⟨𝐹𝜆⟩ relationship in the ensemble is as appropriate as be­
fore the reprocessing, i.e., a course approximation of the qualitative properties of the data
which exhibits a significant amount of scatter. There is a notable increase in the variabil­
ity of 𝐹2, but the strongest influence of the nonlinear flux component on the total flux
is still found for the largest values of LWA. Top- and bottom-rank cluster members re­
main well-separated in the point cloud, with the bottom-ranking members preferentially
found in a low LWA–high flux regime and the top-ranking members in a high LWA–low
flux regime.

4.5 Discussion

The reprocessing of our dataset for the December 2016 blocking event does not affect
our interpretation of the episode in terms of the Nakamura and Huang (2018) traffic
jam onset mechanism. As in our original analysis, incoming LWA flux from upstream
constitutes the main source of LWA for the block development and flux suppression is
found in the south of the blocking system at the time of onset. The suppression can
further be attributed to the action of the nonlinear LWA flux, enabling the analogy to the
fundamental diagram of traffic flow. The qualitative consistency with the idealized model
remains good. Additional scatter is seen in the upstream flux-block strength relationship
in the ensemble even after accounting for the most substantial difference between both
datasets: a loss of significance of an upstream trough over the east coast of North America
for the block development in the sensitivity analysis. Instead, the reprocessed dataset
indicates a stronger nonconservative LWA production over the Atlantic and thus puts the
focus more directly on the development of the anticyclonic blocking anomaly, rather than
the wave packet it is embedded in. An increase in sensitivity to features in the Euro–
Atlantic sector at earlier timesteps of the ensemble forecast also suggests a stronger role
of preconditioning of the block development region via the earlier ridge over Europe.

As well as presenting a correction, the comparison in this chapter also serves as an indi­
cator of the uncertainty associated with our original study. The increase of LWA levels
can exclusively be attributed to the increase in vertical resolution during the reprocessing.
Changes with regards to the east coast trough are mainly a result of using the PV inverter
of Neal et al. (2022) and fixes to the package code. The increase in magnitude of the resid­
ual after reprocessing reflects changes to the assessment of nonconservative LWA sources
and sinks. However, the corresponding deterioration in the closure of the LWA budget
also indicates an increased general uncertainty of the diagnostics, with a significant part
of the LWA tendency not explicitly accounted for. The evolution of LWA continues to
result from a delicate balance of the budget, with the diagnosed zonal flux convergence
and residual terms of much greater magnitude than the actual net change.
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5.1 Introduction

Descriptions of extratropical large-scale flow variability through weather regimes are typ­
ically based on fields of geopotential height, streamfunction, zonal wind or potential
vorticity (Hannachi et al. 2017), fields which are also used to describe Rossby waves
and waveguides. The spatial patterns of circulation regimes can thus be interpreted
in terms of wave dynamics in a relatively straightforward manner, but such assessments
are mostly qualitative. Links between circulation regimes and aspects of wave dynam­
ics have further been established, e.g., by connecting the dynamics of weather regimes to
wave breaking (Michel and Rivière 2011; Woollings et al. 2008) and considerations of the
role of waveguides in facilitating hemispheric teleconnection patterns from which regional
flow regimes can emerge (Branstator 2002; Ding and Wang 2005; Branstator and Teng
2017). Finite-amplitude local wave activity (Huang and Nakamura 2016, 2017) provides
a quantitative foundation for a wave-based evaluation of regime dynamics. Importantly,
the LWA framework's assumptions remain valid throughout the regime life cycles, even if
nonlinear processes such as wave breaking are involved.

Teubler et al. (2023) present an assessment of wave dynamics for the four blocked regimes
of the Grams et al. (2017) weather regime classification in the North Atlantic–European
sector (c.f. Figures 8a–d). They composite wave packet envelope, a phase-independent
measure for the amplitude of synoptic-scale Rossby waves (Zimin et al. 2006; Wolf and
Wirth 2017), and anomalies of low-pass filtered zonal LWA flux, representing wave prop­
agation, before and after regime onset. Their results indicate “substantial differences
between regimes in terms of synoptic-scale wave characteristics”, with either a down­
stream extension or upstream retraction of the mean wave envelope as prominent features
of three of the four regimes after onset. Consistent patterns of deflection and suppression
are found in the anomaly fields of the mean LWA flux for all blocked regimes. Teubler
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et al. (2023) consider these findings supportive of an interpretation of the Atlantic Ridge
and European Blocking regimes as “embedded within Rossby wave packets”, while Green­
land Blocking is “most consistent with the traffic jam description of blocking by Naka­
mura and Huang (2017, 2018)” and circumstances for the Scandinavian Blocking regime
remaining “less clear”.

In this chapter, we supplement the analysis of Teubler et al. (2023) with a more detailed
description of the Grams et al. (2017) weather regimes and their dynamics in the LWA
framework and in view of the traffic jam theory for blocking onset. We use the same com­
positing approach as Teubler et al. (2023), but simplify the data processing by omitting
the low-pass filter for all variables. We consider all seven regimes, cyclonic and anticy­
clonic, but only select life cycles from DJF for our composites, trading a larger number
of contributing events year-round for larger-amplitude signals in the winter season and
better comparability with previous studies on circulation regimes in the North Atlantic–
European region. A complete description of the life cycles of seven different regimes with
further possibilities to subdivide data according to regime transitions or pathways to on­
set as suggested by Teubler et al. (2023) is challenging to present in a comprehensive
manner. Here, we focus on a wave-centered characterization of the regimes at the maxi­
mum of their life cycle, carry out a budget analysis of the onset and decay of European
Blocking and consider further aspects of a traffic jam perspective on the regimes.

The following analysis complements the work of Barpanda (2020, their chapter 4) who
tracked short- and long-lived LWA anomalies [⟨𝐴⟩ cos(𝜙) > 55 m s−1] in the North At­
lantic sector and produced anomaly-centered composites of key variables from the LWA
framework. The geographically fixed regime patterns that our composites are based on
stand in contrast to their feature-following composites and offer the opportunity to also
characterize the cyclonically dominated regimes which are not as easily defined by a track­
able positive LWA anomaly. The traffic jam mechanism's impact on block formation and
maintenance has been suggested to be strongest on longer time scales over the North At­
lantic (Nakamura and Huang 2018; Barpanda 2020). Polster and Wirth (2023a) found
essential traffic jam characteristics also in a shorter-duration event (chapter 3), but an in­
vestigation of persistent circulation regimes better aligns with this suggested longer time
scale to see the impact of the traffic jam mechanism. A more general view of circulation
regimes in the North Atlantic–European sector may also provide additional insights into
the horizontal structure of the local wave activity flux that was highlighted by Polster
and Wirth (2023a) and presents a complication for the idealized one-dimensional view of
the midlatitude waveguide in the traffic jam theory.

This chapter is structured as follows: In section 5.2, we present a description of the LWA
budget (which was previously only introduced in an approximated form), the weather
regime classification and associated life cycle definitions and our data processing. We then
look at the winter-season climatological background of zonal wind, LWA and LWA flux
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(section 5.3), followed by descriptions of the cyclonic and anticyclonic regime composites
and a closer look at the relationship between the horizontal pattern of LWA flux suppres­
sion and enhancement and wave breaking (section 5.4). An analysis of the LWA budget
for European Blocking onset and decay is presented in section 5.5. We conclude with a
traffic jam-centered interpretation (section 5.6) and general discussion (section 5.7) of our
findings.

5.2 Methods and Data

5.2.1 Local Wave Activity Budget

We use the quasigeostrophic LWA framework of Huang and Nakamura (2016, 2017),
previously introduced in sections 3.4.1 and 3.4.2. For our analysis on the regime scale
here, we consider the budget

∂⟨𝐴⟩−−−−−−−−−−−∂𝑡 cos(𝜙) = − 1−−−−−−−−−−−−−−−−−𝑎 cos(𝜙)
∂⟨𝐹𝜆⟩−−−−−−−−−−−−−∂𝜆 + 1−−−−−−−−−−−−−−−−−𝑎 cos(𝜙)

∂−−−−−−−−∂𝜙′ ⟨𝑢e𝑣e⟩ cos2(𝜙 + 𝜙′)

+ 𝑓 cos(𝜙)−−−−−−−−−−−−−−−−−−𝐻 [ 𝑣e𝜃e−−−−−−−−−−−−−−
∂ ̃𝜃/∂𝑧

]
𝑧=0

+ ⟨ ̇𝐴⟩ cos(𝜙), (51)

with symbols defined as in section 3.4 and (50). The local LWA change (LHS), zonal
convergence of the zonal LWA flux (1st RHS term) and nonconservative sources and
sinks (4th RHS term) dominate the approximated budget (44) on synoptic time scales in
the traffic jam context. In addition, the budget (51) also contains the divergence of the
meridional eddy momentum flux (2nd RHS term) and low-level eddy meridional heat flux
(3rd RHS term). These terms represent the local transfer of barotropic momentum to
and from the zonal wind and wave activity input from the surface boundary, respectively
(Huang and Nakamura 2017).

5.2.2 Weather Regime Life Cycles

Seven weather regimes are considered for the North Atlantic–European region (80°W to
40°E and 30°N to 90°N) under the classification scheme of Grams et al. (2017). Regimes
are defined by patterns of normalized 500hPa geopotential height (Φ) anomalies, as shown
in Figure 8. Starting from a 1979 to 2019 reanalysis dataset, Φ anomalies are computed
relative to a smoothed day-of-year climatology (90-day running mean), 10-day low-pass
filtered (Lanczos kernel) and normalized to account for seasonal variation. The dataset
is then reduced to the space of the seven leading empirical orthogonal functions (EOFs)
that account for 74.4% of the variability and the regime patterns extracted as the means
of seven clusters of a k-means clustering in the EOF space. Three of the resulting regime
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Figure 27: Illustration of the computation of the instantaneous regime index of Grams et al. (2017). (a) 𝟧𝟢𝟢 𝗁𝖯𝖺
geopotential field on 18 Dec 2016 0000 UTC (contour lines) and the associated normalized anomaly in the Euro-
Atlantic sector (colors). (b) Product of the normalized geopotential anomalies of the instantaneous and regime
pattern fields (filled contours, color bar as in a). The normalized regime anomaly pattern is shown in contour lines
and the resulting regime index values with the ajacent bars.

patterns are dominated by a cyclonic anomaly (Zonal regime, ZO; Atlantic Trough, AT;
Scandinavian Trough, ScTr) and the other four by an anticyclonic anomaly (Greenland
Blocking, GL; Atlantic Ridge, AR; Scandinavian Blocking, ScBL; European Blocking,
EuBL). The two groups are refered to as cyclonic and anticyclonic regimes, respectively,
with the latter also termed blocked regimes.

A regime index is computed to quantify the likeness of a given atmospheric configuration
with a regime pattern following Michel and Rivière (2011). An input 500hPa geopotential
field is first normalized (Φ′) and then projected onto the normalized anomaly pattern Φ′

WR

of a regime WR. The area-weighted mean

𝑃WR = 1−−−−−−−−−−−−−−−−−−−−−∑
𝜆,𝜙

cos(𝜙)∑𝜆,𝜙
Φ′(𝜆, 𝜙) Φ′

WR(𝜆, 𝜙) cos(𝜙) (52)

of the projection is then normalized to yield a regime index

𝐼WR = 𝑃WR − 𝑃WR
−−−−−−−−−−−

−−−−−−−−−−−−−−−−−−−−−−−−−−−𝜎𝑃WR

, (53)

with climatological mean 𝑃WR
−−−−−−−−−−− and standard deviation 𝜎𝑃WR computed from a day-of-

year climatology of projections in the 1979 to 2019 period. For example, Figure 27a
shows the normalized anomaly field for the 500 hPa geopotential height field from 18
December 2016. The corresponding projection fields and index values for each regime are
shown in Figure 27b. The more positive a regime index value is, the more strongly the
input anomaly field resembles that of the corresponding weather regime. Negative values
indicate that the input field contains anomalies of opposite sign to those in the regime
pattern (blue contour fill in the small map panels of Figure 27b).
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Figure 28: (a) Regime life cycle pictogram, with labels for its associated events and the terminology for ad­
dressing aggregation periods relative to these events used in the present work. (b) Excerpt from the regime table
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bottom left to the top right, while life cycles are depicted horizontally to improve readability when two life cycles
overlap.

A regime life cycle is a persistent episode of an active regime (𝐼WR > 1). Computing 𝐼WR

from 10-day low-pass filtered geopotential height fields, a life cycle is defined when the
associated regime WR is active for at least 5 consecutive days (Grams et al. 2017). The
onset of a life cycle is the first time step where 𝐼WR > 1, its maximum reached when 𝐼WR

maximizes within the life cycle period and its decay is marked by the first time step for
which the threshold on the index is no longer exceeded. We further define the terms
“before”, “around” and “after” to refer to specific time intervals relative to the onset,
maximum and decay, as shown in Figure 28a. The three time intervals for onset and
decay are set at a length of 2 days. We only consider the around interval for the maximum
and set its length to 4 days. The relative definition of this naming scheme means that
intervals can overlap (Figure 28a). Regime life cycles can also overlap as multiple regimes
may be active at the same time, e.g., at the end of December 2015, where three regimes
are active simultaneously (Figure 28b).

5.2.3 Data and Compositing

A table of regime life cycles based on the definitions introduced above has been extracted
from 1979 to 2021 ERA5 reanalysis 500 hPa geopotential height (Hersbach et al. 2023).
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Figure 29: The DJF mean state of the North Atlantic–European sector in the local wave activity framework
based on 1979-2021 ERA5 data: zonal wind (black contour lines), zonal LWA flux (shading) and LWA (red contour
lines), all shown as density-weighted column averages. Contours of LWA are shown in steps of 𝟣𝟢 𝗆 𝗌−𝟣 starting
from 𝟦𝟧 𝗆 𝗌−𝟣 and contours of zonal wind in steps of 𝟥 𝗆 𝗌−𝟣 starting from 𝟣𝟧 𝗆 𝗌−𝟣. The star marks the location
46°N, 10°W.

Figure 28b shows an excerpt of the table of life cycles. Although the Grams et al. (2017)
regime index is valid year-round, only life cycles attributed to the Northern Hemisphere
winter season, i.e., life cycles where the majority of time steps is in the DJF season, are
considered here. This selection results in 284 total life cycles in the table, of which 48 are
ZO, 45 AT, 43 ScTr, 29 GL, 41 AR, 46 EuBL and 32 ScBL. The onset, maximum and
decay events are used as a reference for the creation of regime event composite fields of
zonal wind, LWA, LWA fluxes and the LWA budget terms. A composite field for a given
regime–event combination is computed by averaging over all life cycles associated with
the selected regime as well as over the time interval associated with the life cycle event as
depicted in Figure 28a.

Quasigeostrophic LWA diagnostics have been computed based on ERA5 reanalysis data
with the same setup as used in chapter 4, i.e., at 2° resolution using the direct inverter
for the background state of the hn2016_falwa package (v0.7.2, Huang et al. 2023b). We
only examine vertically aggregated quantities, obtained with a density-weighted vertical
average.

5.3 Climatological Reference State

Figure 29 shows our climatological baseline state of the North Atlantic–European sector
in terms of key variables from the LWA framework obtained from an average over all
winter seasons in our dataset, without consideration of the weather regime life cycles. A
zonal wind band marks the well-known pathway of the tilted North Atlantic jet stream
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from the North American continent towards northwestern Europe, with a maximum in
the western Atlantic (Hoskins and Ambrizzi 1993; Koch et al. 2006; Spensberger et al.
2017). Local wave activity maximizes over the British Isles at the exit of the jet (Huang
and Nakamura 2017), covering substantial parts of the eastern North Atlantic and Europe.
Eastward LWA flux is found across the sector in an elongated band from the subtropical
North Atlantic along the southern edge of the zonal wind band and into central Europe.
The flux maximum marks the transition from the zonal wind-dominated western part
of the sector to the LWA-dominated east. The only significant negative (i.e., westward)
LWA flux is found at polar latitudes northwest of Greenland. Over northern Africa, a
subtropical jet stream emerges and continues eastward out of the considered region.

The climatological winter state in terms of key variables from the LWA framework corre­
sponds to a description of the general structure of the North Atlantic storm track with an
entrance region marked by strong zonal winds, a growth region marked by LWA flux and
an exit region characterized by a maximum of LWA. Each stage overlaps with the follow­
ing, suggesting a picture of waves developing from small amplitude in the western North
Atlantic to large amplitude over western Europe, where blocking and wave breaking are
most common (Pelly and Hoskins 2003b; Masato et al. 2012). No single field captures
all stages of development and the full picture emerges from the combined information of
the ⟨𝑢⟩, ⟨𝐹𝜆⟩ and ⟨𝐴⟩ cos(𝜙) fields. Expectations from the nonacceleration theorem are
generally fulfilled, with the mean zonal wind decreasing as LWA increases along the storm
track. The asymmetry of mean eastward LWA flux occurring preferentially along the
southern part of the storm track is linked to the covariance of 𝑢 and 𝐴 maximizing in the
northern part (cf. Figure 6), indicating a larger influence of the nonlinear LWA flux 𝐹2

(Barpanda 2020) which is predominantly negative poleward of 45°N (not shown).

5.4 Jet and Wave Characteristics

5.4.1 Cyclonic Regimes

Even though the major theme of this thesis concerns blocking in the North Atlantic–Eu­
ropean region, we consider the cyclonic regimes of the Grams et al. (2017) classification
first. The three cyclonic regimes are characterized by negative geopotential height anom­
alies and enhanced geopotential height gradients along the southern flanks of these anom­
alies (Figures 8e–g), raising expectations of enhanced midlatitude jet streams compared
to the climatological state and a likely impact on wave propagation.

Figure 30a shows that the mean zonal wind band across the North Atlantic is indeed
strongly enhanced around the maximum of the composite Zonal regime life cycle. Con­
tours of over 15 m s−1 extend eastward as far as Scandinavia and the jet is of almost con­
stant strength across the Atlantic. The center of the mean LWA maximum shifts towards
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Figure 30: Composite-mean around-maximum view of the three cyclonic regimes (a)–(c) ZO, (d)–(f) AT and
(g)–(i) ScTr in the LWA framework. (a),(d),(g) Composite mean of zonal wind, zonal LWA flux and LWA as in
Figure 29. (b),(e),(h) Anomalies of LWA (shading) and zonal wind (contour lines). (c),(f),(i) Anomalies of the
zonal LWA flux (shading) and its nonlinear term 𝐹2 (contour lines). Anomalies are shown relative to the DJF
climatology (Figure 29).

continental Europe during ZO and more wave activity is found in southern Europe, where
the mean zonal wind correspondingly decreases (Figure 30b). Positive zonal wind anom­
alies in northwestern Europe exceed the collocated negative LWA anomalies. Westward
zonal LWA flux is strengthened during ZO over large parts of the North Atlantic and par­
ticularly over western and central Europe (Figure 30c), with wave propagation continuing
into eastern Europe. The pattern of the anomalous LWA flux is dominated by changes in
the nonlinear flux term 𝐹2.

The mean Atlantic jet is enhanced and displaced southward around the maximum of the
AT composite life cycle (Figure 30d,e), consistent with the location of the major cyclonic
anomaly of the regime pattern (Figure 8f). The AT jet is the strongest of all regimes, but
not as consistent in strength as ZO and does not reach as far eastward. LWA values are
lower than in the climatological average at the location of the displaced jet and slightly
increased further north. LWA flux is suppressed in northwestern Europe and enhanced
at southern latitudes, again driven mainly by changes to the nonlinear term (Figure 30f).
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Instead of a transition from zonal winds to LWA along the storm track as seen for ZO
and the climatological reference state, the AT regime is characterized by a meridional
pattern over the Atlantic, with a maximum of LWA at the northern and of LWA flux at
the southern flank of the jet.

Around the maximum of ScTr, a band of eastward zonal LWA flux extends across the
Atlantic, flanked by the jet stream in the north and an LWA maximum in the south
(Figure 30g). The northward displacement of the jet almost results in a separation of
the 20 m s−1 contour between the North American and Atlantic parts of the wind band.
The major negative and positive LWA anomalies (Figure 30h) are found at the northern
and southern edges of the anticyclonic anomaly of the ScTr regime pattern, respectively
(Figure 8g). The intermediate zonal LWA flux maximum is strongly enhanced compared
to the DJF climatology, mainly due to changes in 𝐹2 (Figure 30i).

Consistent with expectations from their underlying geopotential height patterns, all three
cyclonic regimes are characterized by an enhancement and downstream extension of the
mean zonal wind jet stream. Anomalies of LWA around the maximum of the regime
life cycles are generally negatively covarying with the anomalies of the zonal wind, as
expected from the nonacceleration theorem. The anomaly patterns of the LWA flux are
governed by the nonlinear LWA flux term 𝐹2. Eastward LWA transport in the sector is
enhanced during ZO and ScTr, while AT exhibits a weak overall suppression. The ZO
regime generally conforms to our proposed description of the climatological storm track
in terms of a zonal wind-dominated entrance and LWA-dominated exit, with zonal LWA
flux maximizing broadly in the region of overlap. In contrast, the AT and ScTr regimes
are characterized primarily by their individual meridional pattern formed by the major
zonal wind, LWA and LWA flux features in the North Atlantic–European sector.

There is only a single cyclonically dominated regime in the traditional wintertime four-
regime classification for the North Atlantic–European sector (e.g., Vautard 1990; Michelan­
geli et al. 1995; Michel and Rivière 2011; Madonna et al. 2017). The closest match in
the classification of Grams et al. (2017) is the zonal regime, which shares its name with
the corresponding traditional regime. The unique composite-mean patterns of key vari­
ables from the LWA framework around the maximum of the ZO, AT and ScTr life cycles
support the notion of distinct identities of these weather regimes.

5.4.2 Blocked Regimes

The four blocked regimes of the Grams et al. (2017) classification are each characterized
by an anticyclonic geopotential height anomaly at middle or high latitudes in the North
Atlantic–European sector (Figures 8a–d). The corresponding waviness of the large-scale
flow is expected to lead to significant changes to the mean jet stream for these regimes
and increased LWA compared to the climatological state (Figure 29).
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Figure 31: Around-maximum composite-mean view of the four anticyclonic regimes (a)–(c) GL, (d)–(f) AR,
(g)–(i) ScBL and (j)–(l) EuBL as presented in Figure 30.

The mean North Atlantic jet is shifted southward during GL, with a maximum over the
western North Atlantic but no southwest–northeast tilt such that the jet exit directly
transitions into the subtropical jet entrance over Africa and the Mediterranean (Fig­
ure 31a). The LWA maximum is enhanced and shifted westward compared to climatology,
with LWA diminished over Europe and the eastern Atlantic (Figure 31b). LWA flux is
strongly suppressed throughout the midlatitudes of the sector and significant westward
fluxes are found at the location of the LWA maximum and at polar latitudes in northern
Europe (Figure 31c). The nonlinear LWA flux component is important for the flux sup­
pression, particularly over the northwestern Atlantic. Substantial eastward transport of
LWA is only found in the subtropics along the southern flank of the displaced jet.
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Around the maximum of the AR life cycle, the mean midlatitude jet stream is weak
and terminates already over the western Atlantic (Figures 31d,e). The subtropical jet
over the eastern Atlantic and Africa is enhanced and a second disconnected zonal wind
maximum is found centered over Iceland. LWA levels are strongly increased over the
Atlantic compared to climatology and maximize south of the Icelandic jet. Eastward LWA
flux peaks collocated with the northern part of the LWA maximum. There is a relatively
sharp transition from weak LWA flux south of the retracted jet in the west Atlantic to
this maximum of flux in the northwest. The anomaly pattern of ⟨𝐹𝜆⟩ forms a meridional
dipole with enhancement in the north and suppression in the south (Figure 31f).

The jet exit is found further to the south during ScBL compared to climatology, with
little overall tilt of the jet across the Atlantic (Figure 31g). The LWA distribution is
similar to that of the winter climatology with a center over the North Sea, but levels
are significantly enhanced over northern Europe (Figure 31h). At the southern flank
of the Atlantic jet, LWA is transported eastward, while ⟨𝐹𝜆⟩ is suppressed over Europe
(Figure 31i). The exception is a localized enhancement of flux over northern Scandinavia,
leading to a meridional dipole structure in the zonal LWA flux anomaly field over Europe.

The maximum of the EuBL life cycle is characterized by an LWA anomaly stronger than
that seen during ScBL and found slightly further in the southwest (Figure 31k). The
mean Atlantic zonal wind band is retracted and a secondary jet is located at higher
latitudes in northern Europe (Figure 31j). Substantial zonal LWA flux is found along
the southern flanks of both jets, transitioning from low to high latitudes with a strong
tilt over the Atlantic and reaching its highest values over northwestern Europe. Positive
anomalies dominate the LWA field and weak LWA flux suppression over southern Europe
again leads to a meridional dipole pattern (Figure 31l), though its asymmetry in terms
of anomaly magnitude is much more prominent for EuBL compared to AR and ScBL. As
for the other two regimes, the main contribution to the flux anomaly dipole pattern is
from the nonlinear flux term 𝐹2.

Like the AT cyclonic regime, GL replaces the three-part zonal structure of the climato­
logical North Atlantic storm track with a meridional pattern of high LWA in the north,
eastward LWA flux in the south and strongest zonal winds at intermediate latitudes.
However, the LWA extremum dominates the GL pattern and the position of the GL jet
is further south than during AT with a direct connection to the strengthened subtropi­
cal jet over northern Africa. GL is thus the only blocked regime that does not exhibit
a retracted jet. The other anticyclonic regimes appear overall more fractured, with an
isolated secondary jet at polar latitudes in addition to the retracted Atlantic jet. ScBL
and EuBL have similar LWA patterns but differ in terms of the extent of the jet retrac­
tion and most significantly in terms of the LWA flux. EuBL and AR are the most similar
blocked regimes overall after accounting for the longitudinal offset in their patterns: both
regime patterns exhibit strong absolute eastward transport of LWA in the northern part
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of their LWA maxima, while GL and ScBL are much more dominated by flux suppression
in the North Atlantic–European region.

The continued eastward LWA flux during EuBL and AR appears generally consistent with
the idea of these regimes being “embedded within Rossby wave packets” as emphasized
by Teubler et al. (2023) based on both the LWA flux and a synoptic-scale Rossby wave
envelope diagnostic. Our composites of LWA flux around the life cycle maximum here
match qualitatively well with their after-onset composites. The general smoothness of
features in the composite fields is comparable despite the omission of a temporal low-
pass filter and averaging over fewer events here. The magnitude of flux anomalies in our
winter composites is about three times larger than those in the year-round composites of
Teubler et al. (2023).

Comparing with the classical blocked regimes for the North Atlantic–European region
as presented by Michel and Rivière (2011), we find a high-latitude jet for the regimes
with blocking over Europe in both classifications (i.e., “blocking” and EuBL/ScBL). The
additional distinction between European and Scandinavian blocking in the seven-regime
classification used here is corroborated by significant differences in their composited LWA
flux fields. The southward shift of the Atlantic jet and its connection to the African
subtropical jet is found for the classical and Grams et al. (2017) Greenland regimes.
The mean jet patterns differ for the Atlantic regimes, with a single high-latitude jet from
northern Canada to Scandinavia in the classical Atlantic ridge regime, while the mean jet
as composited here for AR is split over the Atlantic with the more southern jet over the
North American east coast intact but retracted.

5.4.3 Wave Breaking and the LWA Flux

The meridional dipole structure in the nonlinear term of the zonal LWA flux seen for the
AR, ScBL and EuBL regimes (Figures 31f,i,l) was previously highlighted in the Polster
and Wirth (2023a) case study of a blocking onset event (Figure 19a). AT also exhibits
such a dipole structure (Figure 30f) and ZO and GL have a very weak northern pole in
their 𝐹2 anomaly patterns (Figures 30c, 31c). Negative and positive anomalies are also
found around the maximum of ScTr, but there are three significant anomalous regions with
a longitudinal offset such that the resulting pattern cannot be considered a meridional
dipole as for the other regimes (Figure 30i). Notably, the separation into cyclonic and
anticyclonic regimes splits the regimes in terms of the polarity of their respective dipole
pattern: positive in the north, negative in the south for the blocked and negative in the
north, positive in the south for the cyclonic regimes.

We suggested in section 3.5.5 that the nonlinear LWA flux dipole seen during the Decem­
ber 2016 blocking event was closely linked to the wave breaking around onset with the
pattern embedded into the resulting PV overturning pattern. To further understand the
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Figure 32: Idealized barotropic PV contour overturning scenarios (anticyclonic direction) and the associated
nonlinear zonal LWA flux. (a) Symmetric overturning. (b) Overturning with dominating anticyclonic anomaly. (c)
Overturning with dominating cyclonic anomaly. For the symmetric scenario, two vorticity anomalies of opposite sign
are superposed onto a state with an enhanced meridional vorticity gradient in the midlatitudes. The asymmetric
patterns are obtained by weakening one of the anomalies before the superposition.

connection between the 𝐹2 pattern and wave breaking, we compute 𝐹2 for idealized wave
breaking scenarios in the barotropic framework. Figure 32a shows that a wave breaking
pattern leads to strong flux suppression (negative 𝐹2) at the center of the overturning
where LWA maximizes (LWA not explicitly shown), flanked by weaker flux enhance­
ment (positive 𝐹2) in the north and south. Introducing asymmetry into the overturning
pattern, we find that the flux suppression at the center is weakened and the pole on the
flank of the nondominant PV streamer vanishes, leaving a dipole pattern (Figures 32b,c).
The asymmetry between the cyclonic and anticyclonic PV anomalies of the wave break­
ing pattern therefore appears to govern the polarity of the 𝐹2 dipole by eliminating one
positive pole of the tripole pattern seen for symmetric breaking. Notably, the direction
of wave breaking does not affect the polarity (only anticyclonic breaking shown here).
This understanding of the 𝐹2 dipole pattern is consistent with our findings from the
weather regime composites: regimes dominated by a cyclonic geopotential/PV anomaly
exhibit the polarity associated with a cyclonic anomaly-dominated wave breaking, while
the blocked regimes correspondingly exhibit the polarity of wavebreaking dominated by
the anticyclonic anomaly.

The association of wave breaking and the formation of the nonlinear LWA flux dipole is
interesting to consider in the context of the Nakamura and Huang (2018) traffic jam the­
ory of blocking. In the idealized traffic jam model, the shock formation at the upstream
edge of blocking marks the inability of the one-dimensional model to produce wave break­
ing. A complete breakdown of LWA transport with the block does not necessarily occur
in the real atmosphere as LWA flux may be (partially) redirected through the northern
part of a blocking pattern. This is particularly relevant for EuBL, which shows an overall
enhancement of eastward LWA flux over Europe (Figure 31l). However, it is the conver­
gence of the LWA flux that drives the block development in the traffic jam description
and we take a closer look at the budget of EuBL in the following to explore this further.
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5.5 A Budget Perspective on European Blocking

To characterize the temporal evolution of the EuBL composite regime life cycle in the LWA
framework, we integrate the tendency terms of the column-integrated LWA budget (51) of
Huang and Nakamura (2017) over the before, around and after periods (cf. Figure 28a) of
the regime's onset and decay. We determine the effect of nonconservative sources of LWA
from the residual of the budget with respect to the actual LWA change over the integration
period. Following Neal et al. (2022), we sum the horizontal convergence/divergence terms
and, as before, we present results as anomalies with respect to the DJF climatological
mean. The mean LWA and zonal LWA flux anomalies are shown for additional reference
and comparison to the previously presented around maximum state (Figures 31k,l).

5.5.1 Onset Evolution

Before the onset of EuBL, a weak positive LWA anomaly is seen around 30°W in the
Atlantic (Figure 33a). Anomalous eastward LWA transport over the North Atlantic leads
to flux divergence south of Greenland and convergence to the east of the LWA anomaly
(Figure 33b). The upstream divergence is largely compensated by a nonconservative LWA
source (Figure 33c), while the downstream convergence leads to an increase in LWA
over the eastern Atlantic and western Europe. The LWA growth shifts the center of
the enlarged and amplified LWA anomaly towards Europe around onset (Figure 33d).
LWA growth continues in western and central Europe driven by flux convergence, with a
substantial positive LWA flux anomaly found over the Norwegian Sea (Figure 33e) and
outcompeting negative LWA tendencies from nonconservative processes over northern
Europe (Figure 33f). The transported LWA originates upstream, where it is generated by
nonconservative and low-level sources.

After onset, the LWA anomaly stretches across most of Europe and exceeds 20m s−1 at its
center (Figure 33g), matching the anomaly seen around the life cycle maximum in both
amplitude and location (Figure 31k). Growth continues in the eastern part of the LWA
anomaly, while the western part over the Atlantic is weakly decaying in amplitude, sug­
gesting a redistribution of LWA within the anomaly. Convergence of ⟨𝐹𝜆⟩ is found across
Scandinavia and the Baltics, with divergence upstream over the Atlantic (Figure 33h).
Flux-related anomalies are further enhanced after onset compared to around onset and
a negative LWA flux anomaly is seen for the first time over southern Europe. Noncon­
servative sources and sinks of LWA continue to compensate most of the flux divergence
and convergence (Figure 33i), with both terms of substantially larger amplitude than the
actual resulting LWA change. A low-level source in the northeastern Atlantic addition­
ally supplies LWA and a second low-level source of LWA is seen over southeastern Eu­
rope, which was not present around onset.
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Figure 33: Local wave activity budget (a)–(c) before, (d)–(f) around and (g)–(i) after the onset of the EuBL
regime. Composited from all DJF EuBL life cycles (onset-centered), anomalies relative to the DJF mean, assuming
that climatological LWA levels remain constant. Budget terms are shown as anomalies of integrated LWA change
over the different 𝟦𝟪 𝗁 aggregation periods (c.f. Figure 28a). (a),(d),(g) LWA change (shading) and mean LWA
anomaly (red contour lines). (b),(e),(h) Convergence of the zonal advective flux anomaly plus divergence of the
meridional eddy momentum flux anomaly (shading) and mean zonal LWA flux anomaly (black contour lines).
(c),(f),(i) Residual anomaly (shading) and low-level meridional heat flux anomaly (black contour lines).

Convergence of LWA flux is the main contributor to the growth of the LWA anomaly of
the EuBL regime. The growth region moves eastward within the anomaly from before
to after onset. The net increase of LWA is substantially smaller than the contribution
from flux convergence (note the difference between the two color bars in Figure 33), with
positive LWA tendencies largely balanced by LWA decay as captured by the residual
term. Flux divergence upstream is balanced by nonconservative sources of waviness and
additional low-level generation of LWA at high latitudes over the ocean. The zonal flux
pattern formed in the onset process matches that that seen for the maximum-centered
composite (Figure 31l).

The main features of the EuBL onset budget described here are generally consistent
with those of the anomaly-centered onset composites of Barpanda (2020) for the North
Atlantic. Both highlight that the net LWA change is a result of opposite and much larger
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flux-related and nonconservative tendencies and feature a southwest–northeast tilt of the
flux divergence/convergence pattern and a low-level LWA source in the northwest of the
blocking system. The divergence/convergence patterns around and after onset further
show structural resemblence to the corresponding PV tendencies attributed to advection
with the background flow and intrinsic wave propagation by Teubler et al. (2023, their
Figure 5a). Our composite further shows that the weak anomalous zonal LWA flux found
upstream over the North Atlantic and considered as a potential precursor signal for the
blocking system by Teubler et al. (2023) indeed contributes to the early growth of the
LWA anomaly that is later associated with the EuBL regime pattern.

5.5.2 Decay Evolution

In the before period of the decay-centered EuBL composite, the LWA anomaly over Eu­
rope is already diminished compared to after onset (Figure 33g) or around maximum
(Figure 31k), with its center shifted to central Europe (Figure 34a). Net LWA growth over
Europe has almost completely ceased, while LWA over the Atlantic is increasing due to flux
convergence, driven by anomalous eastward transport of LWA over the North American
east coast upstream and a negative LWA flux anomaly downstream (Figure 34b). The neg­
ative anomaly stretches along 40°N from the middle of the Atlantic, where it is strongest,
to southeastern Europe. Anomalous positive zonal LWA flux is still found at northern
latitudes and remains relatively strong, driving flux divergence over the Norwegian Sea
and convergence over northeastern Europe. Nonconservative and low-level sources of LWA
are collocated with the Atlantic divergence region (Figure 34c). A larger region with neg­
ative anomalous nonconservative LWA decay is found downstream and over southeastern
Europe, where a low-level source of LWA remains that was also seen after onset.

Around decay, the LWA anomaly over Europe has weakened further and LWA contin­
ues to decrease over western Europe (Figure 34d). The net LWA loss arises from sig­
nificant flux divergence (Figure 34e) and only weak nonconservative sources and sinks
(Figure 34f). A weakened positive ⟨𝐹𝜆⟩ anomaly remains in the north with divergence
upstream and convergence downstream. Low-level sources of LWA have weakened around
decay and are virtually absent after (Figure 34i). Anomalies of the zonal LWA flux and
its convergence/divergence have largely returned to pre-onset levels after decay, though
a weak flux anomaly over northern Europe remains (Figure 34h). The associated down­
stream convergence is exceeded by opposite nonconservative tendencies over eastern Eu­
rope. The LWA anomaly over Europe has vanished, while LWA continues to decrease in
the east (Figure 34g).

Overall, the decay of EuBL appears to be the result of a lack of upstream LWA availabil­
ity for the blocking anomaly. Nonconservative and low-level sources over the Atlantic are
weakened compared to onset and eastward redistribution within the anomaly and dissi­
pation in the east weaken the LWA anomaly until it vanishes. The negative flux anomaly
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Figure 34: As Figure 33 but for a decay-centered EuBL composite.

at 40°N additionally suppresses transport of LWA into the southern part of the anom­
aly. These findings are again generally consistent with the description of North Atlantic
anomaly-centered composites by Barpanda (2020) and further highlight the requirement
of sustained upstream seeding of wave activity to maintain a blocking system against
dissipation (e.g., Shutts 1983; Nakamura et al. 1997; Yamazaki and Itoh 2009; Neal et
al. 2022; Hauser et al. 2023; Luo et al. 2023). The asymmetry in the flux dipole pattern
noted for the around maximum composite varies throughout the life cycle as suggested
by the difference in amplitude between the after onset and before decay composites.

5.6 Traffic Jam Characteristics

The analysis of blocked regimes in the LWA framework invites a comparison to the traffic
jam description of blocking by Nakamura and Huang (2018) in terms of the mechanism of
onset as in chapter 3 (Polster and Wirth 2023a), but also more generally as a conceptual
model of the blocking life cycle based on the wave activity evolution along the midlatitude
waveguide. Teubler et al. (2023) note that the meridionally homogeneous suppression
of LWA flux during GL appears “most consistent” with the concept of an atmospheric
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traffic jam, while the two-dimensional dipole flux pattern seen, e.g., during EuBL is more
difficult to reconcile with the one-dimensional theory. Our supplementary analysis here
shows a significant decrease of LWA downstream of the GL anticyclone and strongest
nonlinear suppression of LWA flux on the upstream side of the associated LWA anomaly
around the maximum of the regime (Figures 31b,c). The EuBL budget analysis suggests
that the relative importance of flux suppression can change throughout a regime life cycle
(Figures 31l, 33h, 34b) and may still contribute to (or impede) regime maintenance even
if it does not present the dominating mechanism of onset.

We can further evaluate the traffic jam characteristics of the Grams et al. (2017) regimes
by mapping regime events into the space of the fundamental diagram of LWA transport. A
location in the North Atlantic jet exit region is chosen (46°N, 10°W; marked in Figure 29),
similar to Nakamura and Huang (2018) and Figure 20, and each regime life cycle from our
table constitutes one data point obtained from its around-maximum mean of LWA and
LWA flux. Figure 35b shows that the life cycle events form three clusters when evaluated
in this manner: a medium LWA-high flux cluster (ZO, ScTr), a high LWA-low flux cluster
(AR, ScBL, EuBL) and a low LWA-low flux cluster (GL, AT). The western geographical
center of the GL regime means that its associated LWA anomaly is not captured in the
analysis and only the flux-starved downstream region assessed. Cyclonic ZO and ScTr
show nonlinear enhancement of the LWA flux, indicated by most points lying above the
regression line for the linear flux (𝐹1 + 𝐹3), as obtained from a climatology of all 4-day
winter periods at the same location (Figure 35a). The stronger flux suppression for
the cyclonic AT regime is consistent with the dominance of its negative flux anomaly
(Figure 30f). Anticyclonic AR, ScBL and EuBL also show nonlinear suppression, but at
elevated levels of LWA, a characteristic of blocking in the traffic jam description.

While the fundamental diagram at 46°N, 10°W splits cyclonic (except AT) and anticy­
clonic (except GL) regime events roughly along the linear LWA transport relation, the
regimes do not separate inside their respective clusters. The EuBL regime life cycles, e.g.,
vary by more than 60 m s−1 of LWA and 1000 m2 s−2 of zonal LWA flux, with some ex­
hibiting negative mean flux around the regime maximum. However, the outcome of an
analysis as presented in Figure 35 depends crucially on the location of evaluation. A more
northerly location would, e.g., sample from inside the composite-mean positive flux anom­
aly of the EuBL regime (Figure 31l), placing a large number of life cycles in the diagram
in the nonlinearly enhanced rather than suppressed ⟨𝐹𝜆⟩ cluster (not shown). The bud­
get analysis of the EuBL onset shows that the northern positive flux anomaly contributes
to the LWA anomaly growth, with downstream flux convergence exceeding nonconserva­
tive LWA dissipation in eastern parts of the developing EuBL anomaly (Figures 33e,h).
Additionally, LWA flux convergence is important for building up the mean LWA anom­
aly before onset (Figure 33b). So while the EuBL composite does not meet the idealized
one-dimensional description of a traffic jam onset centered primarily around strong flux
suppression in the midlatitudes, important aspects of the Nakamura and Huang (2018)
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Figure 35: The “fundamental diagram of traffic flow” of the LWA framework at 45°N 9°W for DJF 1979-2021
based on ERA5 reanalysis data. (a) LWA plotted against the zonal LWA flux (grey) and linear terms of the zonal
LWA flux (orange). Aggregation method of Nakamura and Huang (2018), dividing the 1979-2021 time series into
consecutive 4-day episodes over which data are averaged. (b) LWA plotted against the zonal LWA flux for each
period around the maximum of a regime life cycle. The color of each marker corresponds to the regime. The
dashed lines are a linear fit to the orange points in (a). The solid lines are a quadratic fit to the grey points in (a).

description of blocking are still evident in the wave activity framework within its horizon­
tal structure.

5.7 Summary and Discussion

We have presented a basic characterization of the seven Grams et al. (2017) weather
regimes in the LWA framework of Huang and Nakamura (2017) as a supplement to the
results of Teubler et al. (2023). Each regime shows a distinct pattern of zonal wind, LWA
and zonal LWA flux around the maximum of its composite life cycle in the North Atlantic–
European sector, although some regimes (e.g., AR and EuBL) mainly differ in terms of
the geographical distribution of their notable features and not fundamentally in terms of
the features' structure. Cyclonic and anticyclonic regimes can generally be differentiated
based on anomalies of the LWA flux, with meridional dipole patterns dominating the
flux structure of most regimes. Blocked regimes conform to the traffic jam description of
blocking to varying degrees, with GL providing the closest match with the idealized one-
dimensional model in the midlatitudes as already suggested by Teubler et al. (2023). All
blocked regimes as well as the cyclonic AT regime exhibit a significant regional suppression
of the zonal LWA flux, but not all are dominated by suppression.

The LWA budget of EuBL onset and decay shows that net changes to LWA associated with
the regime life cycle arise from a subtle balance of much larger individual contributions.
LWA growth and maintenance of the main positive LWA anomaly of EuBL is almost



86 A Local Wave Perspective on the Dynamics of Atmospheric Blocking

exclusively due to convergence of LWA flux, while nonconservative processes constitute
sinks that act to decay the anomaly and, therefore, the regime. The regime's supply of
LWA is located mainly upstream, with nonconservative sources over the North Atlantic
and a low-level source over the Norwegian Sea. These findings are generally consistent with
the anomaly-following composites of Barpanda (2020) for the North Atlantic region. The
flux enhancement in the north of the EuBL regime and a lack of strong flux suppression
overall, however, do not allow for a straightforward interpretation in terms of the idealized
Nakamura and Huang (2018) traffic jam theory of blocking. In particular, our composites
do not suggest that EuBL onset is facilitated by the traffic jam mechanism on average. Our
analysis of the “fundamental diagram” constructed from regime life cycles nevertheless
demonstrates that basic empirical assumptions of the theory generally hold during regime
life cycles. At the same time, the dependence on the location of evaluation and significant
variability between life cycles indicate that the Grams et al. (2017) regimes do not provide
an optimal categorization of blocking events with respect to the traffic jam theory.

The magnitude of the residual in the budget of LWA and its resulting importance in shap­
ing the net LWA change, raises questions about the nature of these LWA sources and sinks
attributed generically to nonconservative processes. A further process-based refinement
of the LWA budget, including a decomposition into different nonconservative contribu­
tions as largely achieved in the PV framework (Teubler and Riemer 2016; Baumgart et
al. 2018; Hauser et al. 2023), is desirable and a topic of current research (Ghinassi et al.
2020; Wang et al. 2021; Lee and Nakamura 2022; Lee and Nakamura 2024), but was not
applied here.

Our use of a wave activity defined with respect to a zonally symmetric background state in
an analysis of sectorial weather regimes does not allow for a fully local analysis and affects
the decomposition of LWA flux into linear and nonlinear contributions. Hemispheric
influence on the background state may not appropriately reflect the local conditions in
the North Atlantic–European region and its tilted storm track. A zonally symmetric
background state may inflate the magnitude of the nonlinear LWA flux, as LWA transport
along a tilted waveguide cannot be facilitated by background-state advection (𝐹1) alone.
This stands in contrast to the analysis of Teubler et al. (2023) in the PV framework,
where a longitudinally-varying background state is used, and leads to differences in the
attribution of linear and nonlinear wave propagation.

We briefly explore longitudinal variation of the atmospheric background state in context
of the Grams et al. (2017) weather regimes in section 7.2 through the perspective of wave­
guidability, after introducing a localized zonalization procedure in the next chapter. This
more direct approach to quantify waveguide occurrence will complement our assessment
based on the mean jet and LWA fluxes here.
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6.1 Abstract

A new procedure to obtain a longitudinally varying and slowly evolving atmospheric
background state for the analysis of Rossby waveguides is described and discussed. The
procedure is a rolling zonalization scheme, redistributing Ertel potential vorticity in a
moving window to separate waves from the background. Waveguides are subsequently
diagnosed from the gradient of the logarithm of potential vorticity. The effectiveness
of the wave–background separation, even in large-amplitude conditions, is illustrated with
reanalysis data. Established climatological-mean waveguide structures are recovered from
the rolling-zonalized state in the limit of long-term aggregation. Two contrasting episodes
of Rossby wave packet propagation demonstrate how the evolution of waveguides derived
from rolling zonalization can correspond to the development of superposed wave packets.
The ability of the procedure to work with snapshots of the atmosphere provides new
opportunities for waveguide research.

6.2 Introduction

Waveguides are paths in the atmosphere along which Rossby wave activity is preferentially
ducted (Branstator 1983; Hoskins and Ambrizzi 1993; Chang and Yu 1999; Martius et
al. 2010; Wirth et al. 2018). The concept of a waveguide is important for understanding
teleconnection patterns facilitated by Rossby waves (Hoskins and Karoly 1981; Hsu and
Lin 1992; Branstator 2002; Branstator and Teng 2017), the steering of weather systems
(Chang et al. 2002), the onset of atmospheric blocking (Nakamura and Huang 2018),
extreme weather (Petoukhov et al. 2013; Kornhuber et al. 2017; White et al. 2022; Rousi et
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Figure 36: Barotropic waveguide diagnostic fields computed from the 1979–2022 ERA5 winter-mean horizontal
wind fields on the 𝟥𝟥𝟢 𝖪 isentrope. (a) zonal wind component 𝑢. (b) magnitude of the gradient of absolute
vorticity 𝜁𝑎. (c) stationary zonal wavenumber 𝐾𝑠, with 𝐾2

𝑠 = 𝑎 cos(𝜙)2 𝑢−1 ∂𝜙𝜁𝑎 (see text for symbols) and
imaginary values plotted white. In general, Rossby waves are expected to propagate preferentially along maxima
of these fields. Both hemispheres show winter, i.e., DJF on the northern and JJA on the southern hemisphere.

al. 2022) and sub-seasonal to seasonal weather prediction (Hoskins 2013; Davies 2015). In
this work, we focus on the horizontal propagation of Rossby waves along the extratropical
jet waveguide.

Strong and narrow jet streams are known to constitute good Rossby waveguides in the
atmosphere (Manola et al. 2013; Harvey et al. 2016; Wirth 2020). In practice, jet detec­
tion schemes (e.g., Koch et al. 2006; Spensberger et al. 2017) and jet-associated enhanced
gradients of potential vorticity (e.g., Massacand and Davies 2001; Schwierz et al. 2004b;
Martius et al. 2010; Röthlisberger et al. 2016) are used to extract waveguide informa­
tion from atmospheric data. Waveguides are diagnosed in barotropic analysis by tracing
Rossby waves as rays refracted by the stationary wavenumber field (Karoly 1983; Hoskins
and Ambrizzi 1993; Ambrizzi et al. 1995), though concerns about the underlying assump­
tions of the theory have been raised since its inception (Hoskins and Karoly 1981; Teng
and Branstator 2019; Wirth 2020). Figure 36 illustrates the general agreement of com­
mon diagnostic fields regarding the mean climatological waveguide patterns.

The conceptual picture considers waveguides as features of a wave-free background state
onto which waves are superposed. Separating waves and background in the atmosphere
post factum is a challenging and not well defined problem, as the scale of both can over­
lap in time and space (Branstator and Teng 2017; Wirth and Polster 2021). Temporal
and spatial filters are nevertheless often applied in practice, supported, e.g., by the find­
ing that waveguides diagnosed from long-term means reflect the known large-scale tele­
connection patterns and storm track regions (Figure 36). However, closer examination re­
veals representativity issues due to approximations such as zonally symmetric background
states (Branstator 1983; Borges and Sardeshmukh 1995; Branstator 2002; Hoskins and
Ambrizzi 1993) and internal variability (Spensberger et al. 2017) and the possibility of ar­
tifacts introduced by inadequate wave-background separation (Dritschel and Scott 2011;
Wirth and Polster 2021). A separation scheme local in both time and space and resistant
to producing artifacts in large-amplitude conditions has not been established so far.
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The objective of the present work is to introduce a localized zonalization scheme as a
novel method to compute a background state from a snapshot of the atmosphere for
the purpose of waveguide analysis. Our scheme is both an extension and approximation
of the computation of the modified Lagrangian mean state of Nakamura and Solomon
(2011) and Methven and Berrisford (2015), adding longitudinal variability by means of
a rolling window. Section 6.3 elaborates on the construction of our procedure and the
used waveguide diagnostic. A background state is then computed from a reanalysis dataset
(section 6.4) and evaluated regarding its use as a basis for waveguide analysis in section 6.5.
We conclude with a summary and discussion in section 6.6.

6.3 Methods

6.3.1 Zonalization

Zonalization is a conservative rearrangement of potential vorticity (PV), such that the
values of the resulting zonally symmetric PV profile are in descending order from north
to south (Nakamura and Zhu 2010). We zonalize Ertel PV, in isentropic coordinates
given by 𝑞 = 𝜁𝑎−𝜎 , the quotient of absolute vorticity 𝜁𝑎 and isentropic density 𝜎 = − 1−𝑔

∂𝑝−−−−−∂𝜃,
with potential temperature 𝜃, pressure 𝑝 and gravitational acceleration 𝑔. The equivalent
latitude 𝜙eq of a given PV contour of value 𝑄 (Butchart and Remsberg 1986; Allen and
Nakamura 2003; Nakamura and Solomon 2011) is implicitly defined as

∫
𝑞≥𝑄

𝜎 d𝑆 = ∫
𝜙≥𝜙eq

𝜎ref d𝑆, (54)

where both integrals are surface integrals evaluated on an isentrope and 𝜙 is latitude.
The integrals evaluate to the layer mass (in kgK−1) enclosed by the contour 𝑄 or latitude
𝜙eq, respectively. The background-state isentropic density 𝜎ref must be prescribed for the
computation. In this work, we evaluate relation (54) in a rolling fashion along longitude,
using a 60°-wide window, to obtain a longitudinally varying zonalized state. The zonalized
PV profile is determined for every window position and assigned to the central longitude
of the window (Figure 37b). We call this procedure rolling zonalization and the resulting
field of zonalized PV profiles (Figure 37d) a rolling-zonalized background state.

Rolling zonalization can be adjusted to the needs of different applications by selecting dif­
ferent window widths, but the choice of this parameter also introduces subjectivity. For
the purpose of waveguide detection, we have found results to be robust in the range of
window widths from 60° to 90° and have chosen 60° as our default here. To be sure, the
addition of longitudinal variation invalidates many theoretical results derived for the hemi­
spherically zonalized state (Nakamura and Solomon 2011; Methven and Berrisford 2015;
Ghinassi et al. 2020). We do not attempt to recover localized versions of these theorems
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Figure 37: Comparison of time-mean and rolling-zonalized background states on the 𝟥𝟥𝟢 𝖪 isentrope. (a) PV
(filled contours) and meridional wind (red and black dashed contours) on 18 December 2016 1200 UTC. For
convenience, the 𝟣.𝟧 𝖯𝖵𝖴 contour of PV is shown in all panels (solid black). (b) Rolling zonalization illustrated
by four individual zonalizations for 90°W, 50°W, 10°W and 30°E. Each window's central longitude is highlighted
in bold. (c) 14 day-mean PV after application of a zonal wavenumber filter (truncation after wavenumber 4). (d)
Rolling-zonalized PV. (e),(f) | ∇ log(𝑞) | as a waveguide diagnostic, based on (c) and (d), respectively.

in this work, but note that the localized zonalized state can be changed both by non­
conservative processes (diabatic, frictional or mixing, as for the hemispherically zonalized
state; Methven and Berrisford 2015) and by zonal rearrangement of PV. These processes
can lead to significant local changes in the background state, e.g., during episodes of at­
mospheric blocking which are often associated with horizontal PV advection (Nakamura
et al. 1997; Hauser et al. 2023), cross-isentropic PV transport due to latent heat release
(Pfahl et al. 2015; Steinfeld et al. 2020) and irreversible mixing of PV during wave break­
ing (Berrisford et al. 2007; Masato et al. 2012).

The process of applying zonalization in a rolling fashion does not guarantee that PV is
globally conserved, even though each individual zonalization is conservative. The loss of
exact PV conservation is one of multiple approximations made to facilitate a simple and
practical implementation of our procedure. A significant departure from the ELIPVI zon­
alization scheme of Methven and Berrisford (2015) is the omission of PV inversion and
an iteration to a consistent background isentropic density field. Instead, we prescribe 𝜎ref

based on a longitudinally rolling mean of 𝜎 using the same window width as the zonaliza­
tion. The lack of PV inversion also means that other “byproducts” like the background
state wind are not computed in our approximation. A three-dimensional hemispheric PV
inversion required for a localized ELIPVI implementation presents a significant technical
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challenge. For practical reasons and accessibility we do not want to incur the substantial
computational costs of an inversion-based procedure. By contrast, a rolling zonalization
can be computed in about 100 ms on a single CPU core.

6.3.2 Waveguide Diagnostic

We diagnose waveguidability, a nonbinary assessment of the propensity of the atmosphere
to duct Rossby waves (Manola et al. 2013; Wirth 2020), based on the gradient of the
logarithm of the background state PV obtained from the rolling zonalization. An example
of this field is shown in Figure 37f. To first order, | ∇ log(𝑞) | is proportional to the
curvature of the flow ∇2𝑢 and thus related to the dispersion relation of Rossby waves
(Martius et al. 2010; Bukenberger et al. 2023). We aim to avoid issues associated with
strong variations of stratification when deriving the location of waveguides from | ∇ log(𝑞)|
(Bukenberger et al. 2023) with the rolling mean-smoothed 𝜎ref. Regions where |𝑞| <
0.1 PVU (1 PVU = 10−6 K m2 kg−1 s−1) are excluded in our waveguide analysis to avoid
the divergence of the logarithm when 𝑞 → 0. As a simple criterion for the presence of a
waveguide, we require | ∇ log(|𝑞|) | > 1.2 × 10−6 m−1, with 𝑞 in PVU. We have verified
that our results are not sensitive to the choice of this threshold.

6.4 Data and Software

We process ERA5 (Hersbach et al. 2020; Hersbach et al. 2023) reanalysis fields of 𝑢, 𝑣
and 𝑇 from 1979 to 2022 (6-hourly). The input fields are obtained with 1.5° horizontal
resolution on 18 pressure levels (50 to 850hPa in steps of 50hPa; 70hPa additionally). We
compute potential temperature and isentropic density (clipping negative values at 0) on
pressure levels , then interpolate to isentropes. Vorticity is computed from the interpolated
winds and combined with the interpolated isentropic density to calculate PV. Surface
integrals for the zonalization are evaluated for a set of automatically chosen PV contours
{𝑄1, 𝑄2, …, 𝑄𝑛} with a conditional boxcounting quadrature scheme, and regions outside
the input data range omitted. We zonalize each hemisphere separately. More details
about our implementation of the rolling zonalization can be found in the documentation
of our open-source software (Polster 2023).

6.5 Results

6.5.1 A First Look

We take a first look at a rolling-zonalized state in Figure 37d. The selected date is
from a European blocking event in December 2016 (Maddison et al. 2019; Polster and
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Wirth 2023a). The rolling-zonalized PV exhibits a wavenumber 2 to 3 pattern in the
midlatitudes. The meridional spacing of background state PV contours widens locally
over western Europe and resembles an often assumed background state configuration
of scale interaction models of atmospheric blocking (Luo et al. 2023). The associated
weakened gradient of PV is reflected in our waveguide diagnostic field (Figure 37f). With
a threshold of 1.2 × 10−6 m−1, we detect an interruption of the waveguide in the blocking
region, while a strong and continuous waveguide is found over subtropical Asia and the
midlatitude Pacific and North American regions. Interestingly, our scheme detects strong
waveguidability over Asia despite no wave being present there.

Comparing the rolling-zonalized (Figure 37d) and the 14-day temporally averaged PV
fields after truncation at wavenumber 4 (Figure 37c), we find some common features,
but at the same time important differences in the details. The averaged and truncated
PV field is also dominated by a wavenumber 2 to 3 structure. The meridional profile of
PV is nonmonotonic at many longitudes of Figure 37c and contour overturning at the
block location indicates a failure of the temporal average-wavenumber filter to remove a
stationary, large-amplitude eddy. The associated | ∇ log(𝑞) | field (Figure 37e) features
similar magnitudes as the rolling-zonalized state but structures are more blotchy. A
waveguide interruption is also found at the block location but the waveguide across the
hemisphere is generally less coherent compared to that in Figure 37f and zonally elongated
artifacts from the wavenumber filtering are apparent, e.g., along the west coast of Africa.

6.5.2 Filtering Properties

The temporal evolution of a hemispherically zonalized state is known to be inherently
slow (Nakamura and Solomon 2011; Methven and Berrisford 2015). Figure 37 suggests
that rolling zonalization can produce fields with a broadly similar structure compared
to those produced by a temporal filter, despite only using instantaneous data. In an
analysis of 44 years of 6-hourly rolling-zonalized PV based on autocorrelation and spectral
decomposition we found that the rolling-zonalized background state also evolves inherently
slowly, although the characteristics of the temporal behaviour do not correspond directly
to that of any temporal filter we compared against (not shown).

A rolling-zonalized state (60° window) cuts off virtually all contributions of waves with
wavenumbers equal to or larger than 5 in the zonal wavenumber power spectrum of PV
(Figure 38a). Wavenumbers 1, 2 and 3 contribute almost all spectral power in the North­
ern Hemisphere midlatitudes, with only minor contributions from wavenumber 4. We
consider the rolling-zonalized state state therefore to be free of synoptic- and smaller-
scale eddies. Widening the window of the rolling zonalization to 90° reduces the power in
wavenumbers 2 to 4 significantly and moves the cut-off wavelength to 𝑘 = 4. By compar­
ison, a 14-day rolling mean retains more overall spectral power than the rolling-zonalized
states. There is still as much power in wavenumber 6 after temporal averaging than the
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Figure 38: (a) Zonal Wavenumber spectra of instantaneous PV (black), climatological-mean PV (gray), 14
day-rolling-averaged PV (blue; dotted after the truncation threshold applied in Figure 37c) and 60°- (light red)
and 90°-window (dark red) rolling-zonalized PV. All spectra of winter months only, spectral power averaged from
60 to 30°N on 330 K. (b),(c) Climatological waveguide occurrence on 330 K during winter, derived from a rolling-
zonalized state with a 𝟣.𝟤 × 𝟣𝟢−𝟨 𝗆−𝟣 waveguide detection threshold. Mean contours of rolling-zonalized PV are
shown in black. Comparison of 60° (b) and 90° (c) window widths. (d),(e) Waveguide occurrence as in (b) but for
isentropic levels from 𝟥𝟣𝟧 𝖪 to 𝟥𝟦𝟧 𝖪 in steps of 𝟧 𝖪 in a 3D visualization for each hemisphere. Selected contours
from the 𝟥𝟤𝟢 (solid) and 𝟥𝟦𝟢𝖪 (dashed) isentropic levels are reproduced on the bottom maps for orientation. Note
that the actual surface of the planet is not a surface of constant potential temperature as depicted here.

60° rolling-zonalized state has in wavenumber 4 so that an additional zonal wavenumber
filter is required to remove smaller-scale features. In the spectral comparison of Fig­
ure 38a, the 60° rolling-zonalized state is closest to the climatological mean state. The
spatial filtering properties of rolling zonalization are generally not unlike, but in details
importantly different to those of simple averaging or spectral truncation procedures.

6.5.3 Climatological Waveguide Occurrence

Using the 1.2× 10−6 m−1 threshold, we compute the grid point-wise occurrence frequency
of waveguides in the rolling-zonalized state. Figure 38b shows the winter-time waveguide
occurrence for our default window with of 60° longitude on 330 K. Frequent occurrence of
an Asian subtropical waveguide extending into the Pacific and a North American/North
Atlantic waveguide can be identified on the Northern Hemisphere. On the Southern
Hemisphere, a band of more than 40% waveguide occurence extends around the globe
in the midlatitudes with waveguides occurring preferentially in the Pacific sector from
Australia to South America. Figure 38c shows the same analysis for a 90°-wide window,
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resulting in more zonally elongated waveguide occurrence features. The identity of the
North Atlantic waveguide as a feature separate from the North Pacific waveguide is less
pronounced but differences between the window widths are otherwise small.

We compare the climatological mean barotropic waveguide diagnostic fields in Figure 36
with the waveguide occurrence frequency field in Figure 38b. The climatological mean
winter waveguide structure is broadly reproduced in the long-term aggregated waveguide
information from individual snapshots of the rolling-zonalized atmosphere. Relative signal
strengths of collocated features in Figure 36 and Figure 38b are similar. However, the
waveguide signal associated with the North Atlantic jet does not extend as far towards
Europe in the frequency field of the rolling-zonalized state and a secondary waveguide
over the Atlantic and Indian Ocean on the Southern Hemisphere is missing. Differences
in the waveguide features can be contextualized with the vertical structure of waveguide
occurrence in Figure 38d and e. The vertical structure shows the distinct identities of the
North Atlantic and Asian/Pacific waveguides on the Northern Hemisphere more clearly
than 330 K alone. The midlatitude waveguides over the North and South Atlantic oceans
are primarily found on lower isentropic levels than 330 K, while the subtropical waveguides
are found at higher levels (Martius et al. 2010; Martin 2021).

6.5.4 Two Contrasting Episodes

We use a refined Hovmöller diagram (Martius et al. 2006) to further illuminate the wave­
guide evolution around the December 2016 blocking episode introduced in section 6.5.1
and Figure 37. Note that the generation of such contour-following Hovmöller diagrams is
particularly easy in the rolling-zonalized state as each PV contour intersects a meridian
at most once by construction. Figure 39a shows the evolution of | ∇ log(𝑞) |, our wave­
guidability metric, along the 1.5 PVU contour on 330 K for the 2016 episode. In the
snapshot for 15 December (Figure 39c), a Rossby wave packet (RWP) stretches from
North America across the North Atlantic into northern Europe, superposed onto a strong
waveguide over North America. The waveguide is weaker over the Atlantic with a connec­
tion to the subtropical waveguide over Asia and a second short branch pointing towards
northern Europe. Over the next two days the waveguide strengthens over the Atlantic
while shifting northward together with the 1.5 PVU contour (Figure 39b). A day later,
the waveguide is interrupted (c.f. Figure 37f) and the propagation of the RWP ceases as
the block has been established (Polster and Wirth 2023a), with low waveguidability dom­
inating the sector after 17 December (Figure 39a).

A different evolution of waveguide and wave is seen in an episode from January 2018
(Figures 39d–g). On 5 January (Figure 39g), a North Atlantic waveguide ends about
20° further north than a subtropical waveguide over Africa starts, with no significant
connection between both. A Rossby wave packet stretches across the Atlantic along the
waveguide. Strong meridional winds develop over the North Atlantic but the wave packet
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Figure 39: (a) Refined Hovmöller diagram of meridional wind (contours) and the grad-log-PV waveguide di­
agnostic (filled contours) applied to the rolling-zonalized background state (𝑞rz). Data are extracted with a 7.5°
boxcar smoothing kernel along the 𝟣.𝟧 𝖯𝖵𝖴 contour. (b),(c) | ∇ log(𝑞rz) | waveguidability diagnostic (filled con­
tours), 𝟣.𝟧 𝖯𝖵𝖴 contour of rolling-zonalized PV (black) and meridional wind (dark red/blue contours, in steps of
𝟣𝟢 𝗆 𝗌−𝟣 starting from ±𝟤𝟢 𝗆 𝗌−𝟣) on 𝟥𝟥𝟢 𝖪 for 17 and 15 December 2016 1200 UTC, respectively. (d) Like (a),
but for 4 to 12 December 2018 and along 𝟣 𝖯𝖵𝖴. (e),(f),(g) Like (b), but for 9, 7 and 5 December 2018, respec­
tively, and a PV contour of 𝟣 𝖯𝖵𝖴.

does not propagate through the African/European region at first. During 6 January, the
two waveguides connect over the Mediterranean (Figure 39d,f) and a wave signal emerges
in the subtropics at the same time. By 9 January, a strong waveguide has been established
from the North Atlantic across Asia to the North Pacific (Figure 39e). The evolution
of the wave packet appears to occur along this waveguide, with new meridional wind
extrema developing over the Arabian peninsula and further downstream in the following
days (Figure 39d).

The two episodes exhibit opposite RWP propagation characteristics in the African/Eu­
ropean region. While the incoming RWP in December 2016 develops into a block with
no downstream development over Asia, the wave packet in January 2018 continues devel­
opment along the subtropical waveguide (akin to the equatorward wave energy transfer
described by Martius et al. 2010). The parallel evolutions of the midlatitude and subtrop­
ical waveguides in these two episodes reflect these (non)propagation patterns: the wave­
guides are effectively disconnected during the 2016 episode, while the waveguides connect
in 2018.
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6.6 Summary and Discussion

We have introduced a new procedure, rolling zonalization, to compute a three-dimensional
background state of the atmosphere that evolves with time. The procedure consists of
a rearrangement of potential vorticity in a longitudinally rolling sector on a hemisphere,
based on the concept of equivalent latitude (equation (54); Allen and Nakamura 2003;
Nakamura and Solomon 2011; Methven and Berrisford 2015; Wirth and Polster 2021).
Rolling zonalization combines aspects of both a spatial and a temporal filter. Synoptic-
scale eddies of arbitrary amplitude are eliminated effectively by the zonalization. The
resulting background state is slowly evolving even though no information other than the
instantaneous state of the atmosphere is required to compute it.

Localizing zonalization with a rolling window is straightforward, but it is only an approx­
imation of a scheme consistent with the underlying formalism. We do not compute con­
sistent background fields of isentropic density or wind and strict PV conservation is not
guaranteed, although we have observed good PV conservation for our setup. We leave
the formulation of a theory of wave-mean flow interaction that accomodates our localized
zonalized background state to future work. Our present objective is to advance the state
of practical application.

Using the log-PV gradient of the rolling-zonalized background state as a waveguide diag­
nostic (Schwierz et al. 2004b; Martius et al. 2010; Bukenberger et al. 2023), we were able
to recover the established structure of the winter-time climatological waveguides in the
extratropics (e.g., Hoskins and Ambrizzi 1993; Ambrizzi et al. 1995). The aggregation
of instantaneous waveguide information into a frequency-based perspective on waveguide
occurrence complements earlier climatological mean-based results (see also White 2019).
Two contrasting episodes of Rossby wave packet propagation demonstrated how the zon­
alization-derived waveguides can correspond to the local development of superposed wave
trains. An interrupted waveguide in the first episode coincided with the onset of a block.
A connected waveguide in the second episode coincided with a transfer of wave activity
from the midlatitude to the subtropical waveguide.

We can envisage further fine-tuning of the rolling zonalization procedure and waveguide
diagnostics. Instead of a threshold-based binary view of waveguide occurrence, more nu­
anced information on waveguidabililty should be extractable from the background state.
Our climatological waveguide analysis in isentropic coordinates highlighted the impor­
tance of vertical structure, but the implications for both horizontal and vertical (e.g.,
Nathan and Hodyss 2010) propagation of Rossby waves remain unexplored here. Lo­
cal wave activity (Huang and Nakamura 2016; Huang and Nakamura 2017; Ghinassi
et al. 2018), computed with respect to the longitudinally varying zonalized background
state, presents a more consistent measure of local waviness than the meridional wind. We
intend to explore the relationship between waveguidability properties of the rolling-zon­
alized background state and wave packet propagation further in the future.
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An atmospheric background state which is local in time and space and which is computable
from instantaneous data enables diagnostics to be applied in the full range of lead times in
forecast applications. Individual events can be investigated with regard to the influence of
teleconnection patterns or the potential of resonance along a circumglobal waveguide.
These are new and sought-after possibilities for current waveguidability research (e.g.,
White et al. 2022; Riboldi et al. 2022).

6.7 Open Research

The code to reproduce the data analysis and all figures of this article is preserved online
(Polster 2023). Procedures to compute the rolling zonalization are provided in a Python
package included in the code repository. ERA5 data (Hersbach et al. 2023) was down­
loaded from the Copernicus Climate Change Service (C3S) Climate Data Store. The re­
sults contain modified Copernicus Climate Change Service information 2023. Neither the
European Commission nor ECMWF is responsible for any use that may be made of the
Copernicus information or data it contains.
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Applications of Local Waveguide
Analysis

7

First results from applications of the rolling zonalization procedure introduced in chap­
ter 6 are presented. Waveguidability properties of the atmospherere are considered
in the context of the blocking case analysed in chapter 3, the weather regimes from
chapter 5 and the exceptional Northern Hemisphere summer of the year 2010.

7.1 Sensitivity of Block Strength to Waveguidability

In chapter 3 (Polster and Wirth 2023a), a 2016 winter blocking event was examined with
respect to its sensitivity to the magnitude of local wave activity flux from upstream. A
positively sloped relationship with substantial scatter was found for the upstream wave
activity flux prior to onset and the block strength just after onset in the ensemble (Fig­
ure 17d). A parameter perturbation experiment with the idealized traffic jam model (sec­
tion 3.5.3) suggested that this scatter may at least partially be attributable to differences
in the model predictions for the amospheric background state. Based on the rolling zon­
alization procedure introduced in chapter 6 (Polster and Wirth 2023b), the sensitivity of
this blocking event to the evolution of waveguidability is investigated here. The follow­
ing analysis is based on the 200-member augmented ensemble constructed in chapter 3
and uses the quasigeostrophic LWA-based metric described in section 3.5.2 to quantify
the strength of blocking, while using the isentropic log-PV gradient from the primitive
equations framework to assess waveguidability.

Correlating the block strength at 0000 UTC 18 December 2016 with the fields of the
||∇ log(𝑞rz)|| waveguidability proxy on 330 K at various lags (Figure 40, left column), we
find that waveguidability along the North American–Atlantic waveguide (located as the
maximum of waveguide occurrence frequency in the ensemble or based on the discussion
in section 6.5.4) does not appear to vary substantially with block strength. Instead,
strongest sensitivity is found in a region from south of Greenland to northern Scandi­
navia. Correlations larger than 0.4 emerge around 16 December (Figure 40g) and extend
across most of the northernmost Atlantic and North Sea by 18 December (Figure 40c).
On 19 December (Figure 40a), positive correlations over the Atlantic vanish and a merid­
ional dipole pattern at the latitude of the subtropical waveguide is found around Turkey,
consistent with a northward shift of the waveguide when the block is stronger. The wave­
guide interruption at the location of the block on 18 December seen in Figure 37f and
discussed in section 6.5.4 is present in most ensemble members (Figure 40c). Enhanced
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Figure 40: Ensemble sensitivity analysis of ||∇ log(𝑞rz)|| with respect to the LWA-based blocking strength target
metric at 0000 UTC 18 December 2016 used in chapter 3. Correlation (color) and waveguide occurrence frequency
(𝟣.𝟤 × 𝟣𝟢−𝟨 𝗆−𝟣 detection threshold) in the ensemble (contour lines for 10%, 50% and 90%) for lag +24 (a–b), 0
(c–d), -24 (e–f), -48 (g–h) and -72 (i–j) hours on two isentropic levels (𝟥𝟥𝟢 𝖪 left, 𝟥𝟤𝟢 𝖪 right).
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waveguidability associated with stronger blocking further North on 330 K does not lead
to the emergence of a collocated waveguide (based on a 1.2 × 10−6 m−1 detection thresh­
old).

The same analysis applied to our log-PV gradient waveguidability proxy on the 320K isen­
trope (Figure 40, right column) shows a different picture. While only weak negative sen­
sitivity was found in the domain on 330K, regions of negative correlation are as prevalent
as those with positive correlations on 320K and correlation signals on 320K are generally
stronger. The major spatial pattern of sensitivity seen from 16 December (Figure 40h) to
19 December (Figure 40b) is a meridional dipole along the band of most frequent wave­
guide occurrence. Its polarity (positive in the north, negative in the south) suggests a
northward shift of the waveguide with increasing strength of the block. The meridional
widening of the waveguide occurrence band with intensification of the sensitivity dipole
is consistent with this interpretation. Waveguides occur more frequently over Europe on
320 K than on 330 K, with a waveguide over western Europe present for more than half
of all ensemble members throughout the episode.

The described sensitivity patterns on 320 and 330 K are difficult to reconcile with ex­
pectations from a traffic jam onset of blocking as considered in chapter 3. Based on
the idealized theory, one might expect a response of the block to the amplitude of an
oncoming upstream wave packet, which itself might respond to the state of the upstream
waveguide. The evolution of the block can further be expected to depend on the atmos­
pheric background state at the location of the developing block during onset, since the
wave saturation threshold of the idealized model (48) is a function of background state
properties. For the 2016 episode, enhanced waveguidability on 330 K does not lead to sig­
nificant changes to the waveguide there, while the relatively symmetric dipole sensitivity
pattern found on 320 K corresponds to a northward shift of the waveguide with increas­
ing strength of the block. The meridional structure of the waveguide, not its strength,
appears to be most closely associated with the block development.

The dipole sensitivity pattern is found as far upstream as the east coast of North America
and starting from 16 December prior to onset, consistent with the correlation signal seen
for the wave activity flux (Figures 16c,e). This suggests that the operational predictability
of the 2016 blocking event would not have been improved significantly by a more accurate
representation of the upstream waveguide conditions prior to 16 December in the forecasts.
The limitation is likely linked to the dominant role of nonconservative processes over
the North Atlantic which act as a source of wave activity upstream during the episode
(Figure 13c) but also modify the rolling-zonalized background state. A definition of LWA
relative to the localized background state (rather then the hemispherically zonalized one
used in chapter 3) as proposed by Polster and Wirth (2023b), could help to disentangle
sensitivity signals more cleanly into wave and background contributions in future studies.
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Figure 41: Grid point-wise correlation (filled contours) of ||∇ log(𝑞rz)|| and the indices 𝐼WR of the seven weather
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7.2 Waveguidability Associated with Weather Regimes

7.2.1 Introduction and Methods

The analysis of the seven Grams et al. (2017) weather regimes in the LWA framework
(chapter 5) indicated significant changes to the zonal propagation of Rossby waves in the
North Atlantic–European region around the maximum of the regime life cycles (Figures 30
and 31). In this section, we complement the analysis in the LWA framework with a
more direct assessment of waveguidability and waveguide occurrence. Considering their
persistence and large spatial scale, the weather regimes are expected to leave a significant
imprint on a localized atmospheric background state, resulting in changes to diagnosed
waveguidability relative to the climatological mean state.

We employ a longitudinally varying and vertically resolved background state as obtained
in chapter 6 from a rolling zonalization of Ertel PV on isentropes with a 60°-wide window.
Note that LWA and the column-averaged budget of QG LWA considered in chapter 5 and
compared to in the following are based on a hemispherically zonalized background state.
To assess the waveguide-related impact of each weather regime, we correlate the log-PV
gradient of our localized background state (section 6.3.2) with the corresponding regime
index (53) and determine the waveguide occurrence frequency around the maximum of
all winter life cycles (section 5.2.2). The latter can be compared to the climatological
seasonal frequency where waveguides are most common over North America and in the
western North Atlantic and have a near-constant presence in the subtropics over northern
Africa and further eastwards into Asia (Figures 38e, 42).

7.2.2 Results and Comparison

When the atmosphere in the North Atlantic–European sector increasingly projects onto
the EuBL regime pattern, waveguidability is enhanced polewards of 60°N over the Nor­
wegian Sea and Scandinavia as indicated by positive correlations between 𝐼EuBL and
||∇ log(𝑞rz)|| (Figure 41a). The correlations are strongest from 310 to 335 K and positive
throughout the considered vertical domain. A corresponding increase in waveguide oc­
currence is seen over the ocean from northeastern North America to the Greenland Sea
(Figure 42a). In contrast to the correlations, the increase in occurrence frequency is con­
fined to levels below 320 K, following the prevalent occurrence pattern in the winter cli­
matology. Negative correlations of waveguidability and the EuBL regime index are found
along a band across western and southern Europe from the Azores to the Black Sea, with
the latitude of strongest correlation in the band shifting northward on lower levels (Fig­
ure 41a). Correspondingly, waveguide occurrence is low in the eastern North Atlantic and
large parts of Europe, with waveguides occurring less than 10% of the time over southern
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Europe around the maxima of the EuBL life cycles (Figure 42a). The decrease in wave­
guide occurrence in 40–60°N and increase in 60–80°N along the tilted region of highest
climatological waveguide occurrence, allows us to estimate that a double waveguide pat­
tern with an upper-level subtropical and lower-level polar waveguide is found between 30
and 50% of the time in the European sector during EuBL.

Comparing EuBL's impact on waveguidability with its impact on the zonal LWA flux
(Figure 31l), there is a general match in the pattern of northern enhancement and south­
ern suppression. However, we also find a latitudinal offset with flux anomalies further
south than the corresponding waveguide anomalies and less impact in the upstream re­
gion south of Greenland. While the LWA flux maximizes along the southern flank of the
polar band of higher waveguide occurrence as diganosed here, the after-onset and before-
decay composites for EuBL (Figures 33h and 34b, respectively) suggest that the largest
anomalies of LWA flux convergence and divergence are also found in the northern part
of the flux anomaly maximum, in line with our waveguide assessment. The composite-
mean zonal wind maxima capture the regions of highest waveguide occurrence upstream
over North America and downstream over the Greenland Sea, but not in the intermediate
(Figure 31j). Overall, our waveguide-centered analysis based only on the rolling-zonal­
ized background state appears to reflect the qualitative wave propagation properties of
the EuBL regime as captured by the LWA framework.

During the AR regime, similar features as seen during EuBL are found, with similar hor­
izontal and vertical structure after accounting for a longitudinal shift to the west (Fig­
ure 41c). Occurrence of a polar waveguide across Greenland to Scandinavia is enhanced
during AR, while waveguides are rarely detected over the midlatitude North Atlantic and
western Europe (Figure 42c). Different to EuBL, there is a more frequent connection
between North America and the entrance region of the subtropical waveguide over the
Atlantic. The waveguide correlation and anomaly patterns generally match those of the
LWA flux anomalies, but again with a slight latitudinal shift and the regime's impact on
the subtropical waveguide has a counterpart in terms of zonal wind only (Figures 31e,f).
The AT correlation pattern is, aside from a small eastward shift, the opposite of that
seen during AR (Figure 41f). Around the maximum of the AT life cycle, waveguide
occurrence is reduced over the polar and subtropical North Atlantic, while the midlati­
tude waveguide extends more frequently from North America to western Europe and the
Mediterranean (Figure 42f). The waveguide occurrence structure is best matched by the
composite-mean zonal wind rather than the LWA flux (Figure 30d).

GL is associated with increased waveguidability far north over Baffin Bay and Greenland,
weak positive correlations between our waveguidability proxy and the regime index over
the southern midlatitude North Atlantic and a reduction of waveguidability at intermedi­
ate latitudes (Figure 41b). These changes result mainly in a southward shift of waveguide
occurrence in the midlatitudes and suggest a higher connectivity of the Atlantic midlati­
tude and subtropical waveguides over the eastern Mediterranean region (Figure 42b). As
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Figure 42: Waveguide occurrence frequency composites (filled contours; 𝟣.𝟤 × 𝟣𝟢−𝟨 𝗆−𝟣 detection threshold)
based on the around maximum period of the seven Grams et al. (2017) weather regimes (cf. Figure 28a) and a 60°
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for AT, there is some basic resemblance between the GL correlation pattern and LWA
flux anomalies, but the best match for the GL waveguide occurrence structure is pro­
vided by the zonal wind in the around maximum GL life cycle composite (Figures 31a–c).
Presence of the ScBL regime has comparatively little impact on the waveguide structure
over the North Atlantic (Figure 41d). The main feature is an absence of waveguide oc­
currence over northern and eastern Europe, while an increase in waveguidability further
north allows waveguides to be detected over the Greenland Sea up to 30% of the time
(Figure 42d). The composite-mean zonal wind again captures the waveguide occurrence
best, but the European correlation pattern also has a reasonable match in the LWA flux
anomalies (Figures 31g–i).

Cyclonic regimes are characterized by an enhancement of waveguide occurrence and a
waveguide extension across the midlatitude North Atlantic into Europe. They differ in
the latitude of the waveguide exit region, with ScTr's in central and ZO's in northwestern
Europe and AT's still further south as noted earlier (Figures 42e–g). Even though ZO
shows stronger negative correlations with waveguidability than ScTr (Figures 41e,g), it
features a significant reduction in waveguide occurrence only over the south of Greenland,
while waveguide occurrence is suppressed over larger parts of the midlatitude Atlantic
during ScTr. ScTr also sees more frequent connections from midlatitude North America to
the subtropical waveguide entrace over the North Atlantic, similar to AR. Cross sections of
all cyclonic regimes have relatively well-separated midlatitude and subtropical waveguides
at the longitude of evaluation. The composite-mean zonal wind provides the best general
match for the regime-associated waveguide occurrence of ZO and ScTr (Figures 30a,g),
though it does not capture the subtropical patterns seen here. The basic structure of the
zonal LWA flux anomalies matches the changes in waveguidability, but a latitudinal shift
leads to a particularly stark contrast for ScTr over the Atlantic where an enhancement of
LWA flux is partially collocated with a reduction in waveguide occurrence (Figure 30i).

7.2.3 Discussion

Our analysis shows that the large-scale circulation anomalies associated with the Grams
et al. (2017) weather regimes affect the underlying atmospheric background state as ob­
tained from a rolling zonalization procedure and, thus, our assessment of waveguidability.
A unique waveguide occurrence structure emerges for each regime, with correlations of up
to ±0.55 between the regime indices and our waveguidability diagnostic field and changes
in the waveguide occurrence frequency of up to 40 percentage points relative to climatol­
ogy. Midlatitude waveguidability exceeds our waveguide detection threshold up to 80%
of the time around the regime life cycle maxima, indicating robustness of the occurrence
patterns but also further internal variability. Strongest signals are generally found in the
vicinity of the geopotential anomalies that characterize the regime patterns, suggesting
that the corresponding PV anomalies (e.g., Teubler et al. 2023) leave an imprint on our
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localized background state. The regimes' impact is likely also facilitated by nonconserva­
tive processes associated with the life cycles that are expected to not just affect the evo­
lution of LWA (Figures 33 and 34), but also the background state.

The grid point-wise correlation analysis as presented above avoids the necessity of aggre­
gating waveguidability information and allows us to extract information from the entire
available time series. It is therefore not dependent on the definition of regime life cycles or
assumptions on waveguide detection thresholds, which need to be further justified. At the
same time, the significance of the analysis suffers from variability at times when a regime
index is small as the absence of a regime does not correspond to a unqiue flow pattern
and leads to the addition of noise in the computation of the correlations. In contrast, the
composite assessment of waveguide occurrence as in Figure 42 gives an absolute picture
of the waveguide state specifically for the period around the maximum of the regime life
cycles, but depends on the assumptions underlying our method of waveguide detection,
which follows a threshold-based approach. Because we do not understand the quantita­
tive relationship between our waveguidability diagnostic and associated wave propagation
properties in detail yet, interpretations are largely limited to a qualitative level or must
be viewed explicitly under consideration of our underlying assumptions and the implied
conceptual waveguide model.

The results of the waveguide assessment presented here show many features previously
highlighted in the QG LWA framework analysis in chapter 5, e.g., the similarity of the
EuBL and AR regimes with northward deflection of wave propagation at the longitudes
of the dominating anticyclonic anomaly of the regime pattern (cf. Teubler et al. 2023).
However, there are also notable discrepancies when comparing the composites of zonal
wind or zonal LWA flux with our waveguide assessment: the general structures of the
correlations in Figure 41 and the LWA flux anomalies match only with a marked latitudinal
offset between corresponding features and not at all for GL and ZO. In absolute terms, 𝑢
and ⟨𝐹𝜆⟩ often match only parts of the waveguide occurrence patterns in Figure 42. The
the composite-mean zonal wind corresponds to enhanced waveguidability where wave
amplitude is relatively low as seen for the cyclonic regimes, while the zonal LWA flux
provides a better counterpart in regions with enhanced LWA (e.g., EuBL and AR). We
suggest that a direct assessment of the waveguide state as carried out here may provide
a more coherent picture of wave propagation properties based on a single diagnostic field
in contrast to the piecewise perspective offered by the LWA framework.

Further work is required to reconcile the two approaches to diagnosing waveguidability
pursued in this work and to create a conceptually consistent framework where waveguides
can be diagnosed directly from a background state and indirectly from the actual wave
evolution in the atmosphere. In this work, we compute LWA in the QG framework and
consider only column-averaged quantities, while a our waveguide analysis is vertically
resolved, in the primitive equations framework and focussed on the upper troposphere.
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200 hPa meridional wind, 330 K potential vorticity 23 Jul - 09 Aug 2010
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Figure 43: 𝟤𝟢𝟢 𝗁𝖯𝖺 meridional wind (colors) and 𝟥𝟥𝟢 𝖪 Ertel PV (contour lines for 𝟣.𝟧 and 𝟥.𝟧 𝖯𝖵𝖴) averaged
over the period from 23 July to 9 August 2010. The dashed lines mark the heatwave sector.

Discrepancies are therefore expected simply due to these differences in our analysis setups.
However, a more fundamental concern is the use of a hemispheric reference state in our
assessment of waviness with LWA as it conflicts with the rolling zonalization which already
captures a part of the large-scale waviness in the background state. A longitudinally
varying background state can straightforwardly be used in the construction of LWA (31),
but the further formulation of a consistent budget (including the LWA flux) is a more
complex proposition.

7.3 Waveguides in Summer 2010

7.3.1 Introduction

A number of surface weather extremes were recorded across the Northern Hemisphere in
June, July and August of 2010, most notably a long-lasting heatwave in eastern Europe
and parts of Russia and flooding in Pakistan (Barriopedro et al. 2011). Some of these
extreme events have been suggested to be caused or linked by waveguide-facilitated tele­
connections in the extratropics (Hong et al. 2011; Trenberth and Fasullo 2012; Lau and
Kim 2012; Kornhuber et al. 2017; Teng and Branstator 2019).

The circulation in a large sector of the Northern Hemisphere at the end of July and
beginning of August 2010 was dominated by a stationary Rossby wave pattern. This
pattern can be readily extracted from temporally averaged upper-tropospheric fields of the
episode as illustrated in Figure 43: a wave train from the west coast of North America to
western Europe and across the Atlantic can be identified from the time-mean meridional
wind. Over central Europe, the wave train continues in two branches: a northern branch
reaches across Scandinavia and over the north of Russia to the Bering Sea. A southern
branch continues in the eastern Mediterranean and approximately along the 43°N parallel
to eastern Asia. The wavelengths of both wave trains are similar (approximately 4000
km) but they exhibit different wavenumbers due to their separation in latitude and over
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Figure 44: (a) Longitude–time Hovmöller diagram of anomalous Ertel PV on 𝟥𝟥𝟢 𝖪 (anomalies computed
relative to the climatological JJA mean) averaged from 45 to 65°N for JJA 2010. (b) Like (a), but showing
𝟪𝟧𝟢 𝗁𝖯𝖺 temperature. The dashed lines mark the heatwave sector and the 23 July to 9 August 2010 period.

eastern Russia they are out of phase. Fragkoulidis et al. (2018, their Figure 12b) show that
the upstream pattern over the North Atlantic arises from multiple Rossby wave packets
of similar phase that propagated across the sector during the episode.

The location at which the wave train splits coincides with the western trough of a pro­
nouced Ω-shaped meander of the potential vorticity contours. This is the blocking system
associated with the heatwave in eastern Europe and Russia (see the temporal evolution
of upper-level PV and low-level temperature in Figure 44). The PV contours in Figure 43
suggest an alternative interpretation of the stationary wave pattern in the considered
episode: a sequence of meanders stretches from the eastern Pacific across North America,
the North Atlantic and Europe to central Asia, with the omega block over eastern Eu­
rope forming the last anticyclonic anomaly of a wave packet-like pattern in the Northern
Hemisphere midlatitudes. The northern wave train in the meridional wind is associated
with the ridge of the omega, while the southern wave train is associated with the troughs
on either side, but both branches of the meridional wind arise from what could be con­
sidered a single large-amplitude feature of the PV field.

The two interpretations of the upper-tropospheric waviness raise conceptual questions
about the waveguide configuration in the 2010 summer episode. A double jet pattern
identified from the zonal wind field (Hong et al. 2011; Lau and Kim 2012; Kornhuber
et al. 2017) suggests that the waveguide could be split consistent with the wave pattern
in the meridional wind field. Analyses of wave propagation based on the wave activity
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fluxes of Plumb (1986) and Takaya and Nakamura (1997, 2001) by Hong et al. (2011),
Schneidereit et al. (2012) and Galarneau et al. (2012) provide further indirect support to
the existence of a split in the waveguide. In contrast, Wirth and Polster (2021) argue that
during large-amplitude conditions as found during the summer 2010 block, diagnostics
based on linear (wave) theory may be inadequate and likely to produce artifacts. In
this line of argument, the split jet could be considered as an artifact for the purpose of
waveguide analysis, caused by the presence of the large-amplitude eddy on top of a single
midlatitude background jet that does not coincide with either zonal wind maximum.

In the following, we summarize the waveguide analysis of the 2010 summer episode by
Wirth and Polster (2021) and use a rolling-zonalized background state to extend the
waveguidability analysis to the primitive equations framework and localize it. The local
perspective should allow us to understand the relationship between waveguidability and
the large-amplitude blocking system better and to further explore the possibility of hemi­
spheric teleconnections that could have caused or at least influenced the block and, thus,
the associated heatwave, as has been suggested in the literature.

7.3.2 Barotropic Perspective

The temporal evolution of the 300hPa zonal-mean zonal wind on the Northern Hemisphere
from 23 July to 9 August 2010 is shown in Figure 45a. This late July–early August
episode covers the period of the most intense heat over eastern Europe (Figure 44b).
A double jet structure with a polar jet around 75°N and a midlatitude jet at 45°N can
be seen throughout the episode. The strength of each jet varies in time, but the two
individual zonal wind maxima are always present. The variations in the zonal-mean
zonal wind translate into a rather “erratic” (Wirth and Polster 2021) evolution of the
associated meridional profile of the stationary wavenumber 𝐾𝑠 (Figure 45d). Intermittent
but coherent maxima, i.e., waveguides (cf. section 2.5), are found among the variability
around the central latitudes of both jets as well as 55°N. Smoothing the temporal evolution
with a 7-day centered running average reduces the variability of the jets (Figure 45b)
and intermittency of the waveguides (Figure 45e) considerably. The smoothed evolution
of the zonal-mean state is more in line with the general expectations of a slowly evolving
atmospheric background state than its evolution without application of a time filter.

Comparing waveguide features in the filtered zonal-mean state (Figures 45b,e) with the
stationary wave pattern identified from the 200 hPa meridional wind (Figure 43) in terms
of their location, one can match the jet and corresponding waveguide around 45°N with the
southern branch of the wave pattern around the block. The stationary wavenumber analy­
sis suggests that the waveguide exists for waves up to wavenumber 7, which would carry
the observed wave and is consistent with a previous analysis by Kornhuber et al. (2017).
For these authors, the waveguide around 45°N was of importance in their interpretation
of the development of the large-amplitude wave pattern through the hypothesized process
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Figure 45: Latitude–time Hovmöller diagrams for an episode in July and August 2010 showing the (a–c) zonal
wind and (d–f) the stationary wavenumber. The three different columns refer to three different procedures to
obtain the background state: (a),(d) using a simple zonal average; (b),(e) using a zonal average plus a 7-day
centered running mean; and (c),(f) using zonalization. Values of the zonal wind in excess of 𝟧𝟢 𝗆 𝗌−𝟣 in (c)
are depicted through contours with a contour spacing of 𝟧 𝗆 𝗌−𝟣. The red markers at the bottom of (e) and
(f) indicate a date selected for further inspection by Wirth and Polster (2021). Data from ERA5 1.5° resolution,
triangually truncated at wavenumber 36 in spherical harmonics spectrum to restrict to synoptic scales. Figure 6
of Wirth and Polster (2021). © American Meteorological Society. Used with permission.

of quasiresonant amplification (see also Petoukhov et al. 2013). The wave packets that
cause the stationary pattern across the Atlantic are found along a slightly southwest–
northeast-tilted path, which also coincides at least partially with this southern waveguide.
The northern waveguide around 70–80°N has a significant northward offset compared to
the center of the northern branch of the wave pattern around the block during most of
the episode, which is found around 65°N.

Wirth and Polster (2021) question the validity of a linear theory-based background state
and waveguide diagnostic for the 2010 episode due to the presence of a large-amplitude
eddy, i.e., the blocking system. They argue with the help of a thought experiment that
any waveguide diagnostic based on linear theory should only be applied to a state that
represents a hypothetical earlier and, importantly, small-amplitude stage of the eddies,
prior to their amplification. An average-based state does not recover such a hypothetical
earlier stage as Wirth and Polster (2021) show with an idealized numerical setup in the
barotropic framework. Instead, they suggest to use a hemispheric zonalization procedure
to redistribute PV into a zonally symmetric state that better resembles the atmospheric
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background of the hypothetical earlier stage when eddies were absent or only of small
amplitude. A linear waveguide diagnostic can then be applied with higher confidence due
to a more reliable removal of the influence of large-amplitude eddies by the zonalization
when compared to a zonal average.

The PV inversion problem for a zonalized state can be solved easily in the barotropic
framework, allowing for access to the associated meridional profiles of zonal wind and sta­
tionary wavenumber. During the late July–early August 2010 episode under consideration,
the zonalized state contains only a single very strong and broad jet in the midlatitudes,
centered around 65°N (Figure 45c). No waveguide (relative maximum) can be identified at
any point in the temporal evolution of 𝐾𝑠 (Figure 45f). Wirth and Polster (2021) further
show barotropic wave activity during the episode and find that it maximizes at the center
of the jet. In context of the barotropic nonacceleration theorem (33), this suggests that
the presence of the large-amplitude blocking anomaly splits a single background-state jet
(Figure 45c) into the double jet pattern seen in the zonal-mean zonal wind (Figure 45a).
For the purposes of waveguide analysis, the double jet pattern arises as an artifact caused
by the presence of the large-amplitude eddy and should not be used as a basis for an as­
sessment of waveguidability. Acknowledging the unrealistically high wind speeds in the
barotropic zonalized state and compensating for deficiencies of the barotropic framework
with an ad-hoc correction based on relation (35), weak waveguides started to emerge in
their analysis, but Wirth and Polster (2021) could still support their line of argument.

The reevaluation of waveguidability during the 2010 episode by Wirth and Polster (2021)
contrasts the view of Kornhuber et al. (2017) who consider the subtropical jet waveguide
in the zonal-mean zonal wind as a cause for the amplification of the blocking system. The
barotropic hemispherically zonalized background state instead suggests that the wave­
guides at 45°N and 75°N as obtained from linear diagnostics applied to a time- and
zonal-mean background arise due to the presence of the large-amplitude blocking system
on top of a broad background-state jet. This would imply a reversal of causality, with
diagnosed strong waveguidability in the subtropics a consequence rather than a driver of
the blocking system.

7.3.3 Isentropic Primitive Equations Perspective

We revisit the Northern Hemisphere summer of 2010, using hemispheric zonalization in
the primitive equations framework to obtain a zonally symmetric atmospheric background
state for the purposes of waveguide analysis free of the limitations of the barotropic
framework. Instead of diagnosing waveguidability based on the stationary wavenumber,
we rely on the log-PV gradient as a proxy for waveguidability. As before, we use a
threshold to detect the presence of a waveguide, here set at 0.9 × 10−6 m−1. The lower
threshold compared to that used in section 6.5.3 compensates for the generally weaker PV
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Figure 46: Waveguide analysis of a hemispherically zonalized background state (primitive equations framework)
during summer 2010. (a) Isentrope–latitude cross section (note that the vertical coordinate is on the horizontal
axis) of waveguide occurrence frequency (𝟢.𝟫 × 𝟣𝟢−𝟨 𝗆−𝟣 detection threshold for the gradient of log-PV) from 23
July to 9 August 2010. (b) Temporal evolution of the log-PV gradient waveguidability proxy in June, July and
August 2010 on 𝟥𝟥𝟢 𝖪 (blue), 𝟥𝟥𝟩.𝟧 𝖪 (grey) and 𝟥𝟦𝟧 𝖪 (red), the vertical levels highlighted with the same colors
in (a). The late July–early August period is delimited by the dashed vertical lines.

gradients found during the summer season. We do not further evaluate the implications
for the properties of waveguides detected at a lower threshold here.

Because vertical waveguide structure is important to consider in the isentropic coordinate
system, we show a cross section of waveguide occurrence frequency for the late July–
early August episode in Figure 46a. A polar waveguide around 60–70°N is frequently
found on lower isentropes (up to 332 K) and a midlatitude/subtropical waveguide at
40–50°N on higher isentropes (340K and above). At the intermediate latitudes and levels,
a waveguide is less frequently found with lowest occurrences around 55°N. Outside of
the tilted waveguide band from 70°N, 325 K to 40°N, 350 K, no waveguides are detected
throughout the episode. The occurrence pattern is reflected in the evolution of the log-
PV gradient waveguidability proxy shown in Figure 46b for a low, intermediate and high
isentrope. A lower-level waveguide is almost always present in the north, as is a higher-
level waveguide in the south. An intermediate-level waveguide is only found coherently in
the later half of the episode.

The waveguide structures obtained from zonalization in the primitive equations framework
are temporally more variable than those obtained with zonalization in the barotropic
framework (Figure 45f), but less variable than those obtained from the unfiltered evolution
of the zonal mean zonal-wind (Figure 45d). Significant variability of waveguidability is
found throughout the 2010 summer (Figure 46b), but coherent waveguide features can be
identified easily. The waveguide starting at 30°N on 345 K in June is a persistent feature
and experiences a northward shift of about 10° in meridional position over the summer.
An intermediate waveguide diagnosed on 375.5K is found throughout June and early July,
but then mostly absent until the beginning of August when the 0.9×10−6 m−1 threshold is
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exceeded again. The northern waveguide on 345K starts around 45°N in June and shifts by
up to 15° northward over the summer. It is almost always present and sometimes stronger
than the higher-level southern waveguide. Notably, the waveguides on the three depicted
isentropes overlap at the beginning of June, forming a continuous but tilted waveguide
front in the midlatitudes and subtropics. The tilt increases with the stronger poleward
shift of the lower-level waveguide compared to the upper-level waveguide. The coherence
of the waveguide front erodes throughout June and July and is only weakly reconstituted
at the end of the season.

The zonalization-based waveguide analysis in the primitive equations framework paints a
very different picture of waveguidability when compared to the zonalization-based analysis
in the barotropic framework, most notable by the presence of waveguides. Two waveguides
separated in both latitude and isentropic level are found throughout most of the heatwave
episode under consideration. A single waveguide front is found only intermittently in
summer 2010 as a tilted band in the height–latitude cross section rather than a broad
band throughout the upper troposphere. While closer to the waveguide analysis based
on the time-averaged zonal-mean zonal wind, a discrepancy is found for the meridional
position of the polar waveguide. The zonal-mean zonal wind peaks around 75°N, but the
northern waveguide in the zonalized background state is found around 65°N. Incidentally,
the more southward position derived from the zonalization is consistent with the central
latitude of the northern branch of the 200 hPa stationary wave pattern around the block.

7.3.4 Local Perspective

The restriction to a zonally symmetric background state as obtained from hemispheric
zonalization still carries the assumption of longitudinal homogeneity and circumglobal
waveguides. Motivated by the local nature of the blocking system and in view of the lon­
gitudinal structure of the wave patterns in Figure 45a, we now employ a local waveguide
analysis based on the 60° rolling-zonalized background state. This allows us to explicitly
evaluate the assumption of circumglobal waveguides and to further illuminate the rela­
tionship between the blocking system and waveguidability in summer 2010.

We first consider the map of grid point-wise waveguide occurrence (0.9×10−6 m−1 thresh­
old for the gradient of log-PV) in the 23 July to 9 August 2010 episode in Figure 47a. To
account for vertical structure, waveguide occurrence is considered across a domain from
325 to 350 K, but detection is subject to a requirement of the threshold being exceeded
over at least 7.5 K (i.e., 3 levels of the gridded data). Note that this scheme to reduce
waveguide information across the vertical dimension is more selective than the maximum-
based approach taken in Figure 42. Assuming that “deeper” waveguides that extend
across multiple isentropic levels are more conducive to Rossby wave ducting, we intend
to produce a more conservative and robust assessment of waveguide occurrence with this
vertical aggregation scheme.
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Figure 47: Waveguide analysis of a 60° rolling-zonalized background state (primitive equations framework)
during summer 2010. (a) Waveguide occurrence frequency (filled contours) and time-mean PV on 𝟥𝟥𝟢 𝖪 (contour
lines) for the 23 July to 9 August episode. A waveguide detection threshold of 𝟢.𝟫 × 𝟣𝟢−𝟨 𝗆−𝟣 is applied from 𝟥𝟤𝟧
to 𝟥𝟧𝟢 𝖪 together with the requirement that a waveguide at a certain latitude-longitude position must exist across
at least 𝟩.𝟧 𝖪 vertical depth to be counted in the occurrence map. (b),(c) Waveguide occurrence frequency and
evolution of the waveguidability proxy as in Figures 46a,b, respectively, but for the upstream sector (UP) marked
in (a). (d),(e) Like (b), (c), respectively, but for the heatwave sector (HW).

The western hemisphere in Figure 47a is dominated by a southwest–northeast-tilted band
of high waveguide occurrence from the eastern Pacific across North America and the
Atlantic towards northern Europe. This waveguide is a persistent feature throughout
the episode with occurrence frequencies at its core exceeding 90%. Over central Europe,
the band of high waveguide occurrence splits into a northern branch over Scandinavia
and northern Russia and a southern branch that extends from the Mediterranean to
the Sea of Okhotsk. The southern branch has a southwest–northeast tilt similar to the



116 A Local Wave Perspective on the Dynamics of Atmospheric Blocking

North American/Atlantic waveguide. The polar branch arches approximately along the
northward displaced PV contours of the block. A connection from the Atlantic waveguide
to the northern branch over Europe is more frequently found than a connection to the
southern branch. Between the branches, at the location of the large-amplitude anticyclonic
PV anomaly of the blocking system, waveguides do not occur during the episode. Regions
of increased waveguide occurrence are found again east of the block over Asia and the
Pacific, with two separate waveguide branches still discernible downstream.

Clearly, the waveguide occurrence pattern in Figure 47a exhibits substantial longitudinal
variation across the Northern Hemisphere. Figures 47b and 47d show the vertical occur­
rence structure over the North Atlantic upstream of the blocking and in the heatwave
sector, respectively. The upstream waveguide is a single tilted band of increased occur­
rence from around 60°N on 330K to about 48°N on 345K. In contrast, the two waveguide
branches in the heatwave sector are separated in latitude and occur on different isentropic
levels. The subtropical waveguide is found above 340 K and south of 50°N while the po­
lar waveguide is found below 338 K and north of 60°N. Neither of these local waveguide
structures are captured by the hemispherically zonalized background state (Figure 46a):
the general location of the occurrence band matches, but the waveguide split in the hemi­
spheric analysis severely misrepresents the single-band structure in the upstream sector
while also underestimating the waveguide separation in the heatwave sector.

7.3.5 Discussion

Our comparative analysis of the 2010 Northern Hemisphere summer illustrates how wave­
guide assessment is influenced by the choice of the underlying atmospheric background
state. Assuming that our local analysis based on the rolling-zonalized state provides
the most accurate picture of waveguidability, we find that zonally symmetric background
states in general are not adequate to represent the waveguide characteristics of the con­
sidered 2010 episode. The assumption of accuracy is supported by the agreement of the
waveguide pattern in the rolling-zonalized state and the wave pattern in the temporally
averaged 200 hPa meridional wind field. Notably, the local analysis is able to reproduce
the southwest–northeast tilt of the time-mean wave pattern over North America and the
Atlantic and shows a waveguide split over Europe, where the wave pattern also separates
into two branches around the block.

As in our December 2016 case study and the anticyclonic weather regimes of the Grams
et al. (2017) classification, the 2010 blocking system is characterized by the absence of an
underlying waveguide at its center. The weak midlatitude waveguidability downstream
of Europe as seen in 2010 is a general feature of the Northern Hemisphere waveguide cli­
matology based on the rolling-zonalized state (Figure 48). Moreover, all major waveguide
features of the 2010 episode are relatively frequently found in the climatology, although
not necessarily concurrently: a deep midlatitude waveguide front across the Atlantic (up
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Figure 48: Climatological waveguide occurrence frequency as in Figure 38e, but for summer (JJA) and a
waveguide detection threshold of 𝟢.𝟫 × 𝟣𝟢−𝟨 𝗆−𝟣. The 𝟥𝟥𝟧 𝖪 level is additionally highlighted with red contours.

to 70% occurrence frequency), its continuation on lower levels as a polar waveguide across
Russia (up to 50%) and a subtropical waveguide over Asia that is weakly connected to
the Atlantic waveguide on upper levels (up to 70%). Figure 48 generally suggests that
Rossby wave propagation from the North Atlantic waveguide further into Asia along the
subtropical or polar waveguide branches requires a transfer of wave activity across isen­
tropes or a vertical wave extent that spans across the differing waveguide levels in the
isentropic coordinate system.

The prominent waveguide split in the summer climatology and late July–early August
2010 episode invites speculation about links to two important theories of atmospheric
blocking. As a possible obstacle or bottleneck for zonal Rossby wave propagation, the
split could produce a region of wave activity flux convergence and thus support block­
ing onset and maintenance as considered by Nakamura et al. (1997) and Nakamura and
Huang (2018). Nonconservative erosion of the background state PV gradient associated
with wave breaking in the block could further establish a traffic jam-like feedback between
the waveguide split and block development. Schematically, the split is further reminiscent
of the illustrations of the blocking maintenance mechanisms due to eddy straining (Shutts
1983) and eddy-blocking matching (Luo et al. 2014; Luo et al. 2023). The general char­
acteristics of the rolling zonalized background over Europe and Asia, as inferred from the
waveguidability analysis, superficially fulfil the assumptions of a diffluent planetary-scale
basic state flow that these models are based on. Such possible links to blocking mecha­
nisms are only speculative without an investigation of upstream wave forcings and wave
propagation, but they illustrate the general potential of the wave perspective to connect
different theories of blocking.
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Regarding a possible impact of quasiresonant amplification as suggested by Kornhuber
et al. (2017), we do not find indicators in our local analysis that the properties of the
subtropical waveguide are strongly connected to or even govern the amplitude of the
blocking system, though our analysis is not set up to quantify such a connection ex­
plicitly. Throughout the 2010 summer, the subtropical waveguide is a persistent feature
in the heatwave sector and subtropical waveguidability is comparatively weak during the
late July–early August episode (Figure 47e), even in the hemispherically zonalized state
(Figure 46b). Waveguide occurrence frequencies of only up to 50% over the North Pacific
(Figure 47a) do not indicate the presence of strong circumglobal waveguides. Our analy­
sis rather suggests that the evolution of the blocking system may be linked to the wave­
guide state in the upstream sector over the North Atlantic. Specifically, the presence of
the anticyclonic blocking anomaly coincides with the presence of a deep waveguide front
with strong mid-level waveguidability over the Atlantic from early July to early August,
with the exception of a short waveguide interruption in the middle of July (Figures 44a,
47c). Located between 45° and 60°N, this waveguide front aligns neither with the sub­
tropical waveguide considered by Kornhuber et al. (2017), nor with the broad midlatitude
jet in the barotropic zonalized state analyzed by Wirth and Polster (2021), nor with any
waveguides in the hemispherically zonalized state of the primitive equations (Figure 46b).

While our analysis based on a rolling-zonalized background state currently raises more
questions than it answers, it presents an opportunity to take a significant step forward in
our understanding of the role of waveguidability for the dynamics of the exceptional 2010
Northern Hemisphere summer. Notably, the rolling-zonalized state provides the wave­
guide picture most consistent with the time-mean structure of the observed upper-tro­
pospheric Rossby waves in our comparison. We overcome several limitations of previous
studies of the late July–early August blocking event in 2010: Our background state com­
putation and waveguide diagnostic is not limited by the small-amplitude assumption of
linear wave theory, providing reliability even in the presence of the large-amplitude block­
ing system. The local perspective does not require a-priori assumptions of zonal symme­
try and circumglobal waveguides, but can be used to test these assumptions. Working in
the primitive equations framework, we can examine the vertical structure of waveguide
occurrence and, importantly, find signs of strong waveguidability, which were not present
in the barotropic zonalized state computed by Wirth and Polster (2021). However, our
analysis is still limited in its scope and largely qualitative, as we currently do not have
access to a framework in which both the background state waveguidability and the super­
posed waves and their propagation can be quantified locally and consistently. With only
pieces of such a quantitative framework, our wave perspective on the dynamical drivers
of the exceptional summer of 2010 remains incomplete.
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Conclusions 8

Conclusions from the individual discussions in each chapter (sections 3.6, 4.5, 5.7,
6.6, 7.2.3, 7.3.5) are summarized in the context of the research questions posed in
the introduction. Limitations of the work are discussed and a brief outlook on the
overarching theme given.

8.1 Summary

In this work, we have looked at atmospheric blocking in the North Atlantic–European
sector from a Rossby wave perspective, with both wave and background components
of the atmosphere considered. The local wave activity framework of Huang and Naka­
mura (2016) provided the quantitative basis for assessments of wave amplitude and wave
propagation. Particular attention was paid to characteristics of blocking onset that are
associated with the traffic jam mechnism of Nakamura and Huang (2018) in the study of
an atmospheric blocking event from December 2016. Starting from the eddy-free zonal­
ized background state underlying the construction of LWA, we introduced rolling zonal­
ization, a procedure to extract a large-scale atmospheric background local in both time
and space and suitable for waveguide analysis. Our novel method was applied to study
waveguide patterns during the exceptional Northern Hemisphere summer of 2010. Atmos­
pheric blocking was diagnosed and quantified with LWA and through the weather regime
classification of Grams et al. (2017), which contains four blocked regimes for the North
Atlantic–European sector. Composites for all seven weather regimes were characterized
in terms of wave propagation and waveguide configuration.

8.2 Addressing the Research Questions

Referring to the research questions formulated in chapter 1, we draw the following con­
clusions from the presented work:

1. Can we find evidence for the traffic jam mechanism of blocking onset in an observed
blocking event? If so, does the mechanism have an impact on the predictability of the
onset event?

Our case study in chapter 3 (Polster and Wirth 2023a) revealed important character­
istics of the traffic jam model during the onset of the considered blocking event from
December 2016. Our forecast ensemble indicates a nonlinear relationship between
LWA and the LWA flux, a fundamental assumption of the traffic jam theory and



120 A Local Wave Perspective on the Dynamics of Atmospheric Blocking

necessary precondition for the associated mechanism. The increase in the strength of
the block during onset as measured by LWA is mainly due to the convergence of zonal
LWA flux. The flux could be traced back to nonconservative LWA sources upstream
and converges ahead of a region of flux suppression over the European continent.

However, we also saw a meridional flux dipole pattern emerge during onset, with a
significant enhancement of zonal LWA flux in the north of the block contrasting the
suppression in the south. This pattern and similar ones seen for the weather regimes
in chapter 5 are not accounted for in the simplified one-dimensional perspective on the
midlatitude circulation taken by the traffic jam framework and likely related to the
breaking of Rossby waves. We further encountered uncertainty in the relationship be­
tween the precursor LWA flux and after-onset block strength in our sensitivity analysis,
which was further highlighted by a reprocessing of our data with an updated version
of the underlying LWA software package. Neither the idealized traffic jam model nor
our NWP ensemble exhibited threshold behavior in our variables of interest.

The presence of essential traffic jam characteristics leads us to “the possibility that
the traffic jam mechanism played an important role in the onset of this December 2016
blocking event”. The effects of the traffic jam mechanism can be seen in both our
case study and the analysis of blocked weather regimes in the form of nonlinear LWA
flux suppression and associated LWA accumulation. However, horizontal structures in
the LWA flux field that also include flux enhancement associated with the blocking
anomaly suggest that flux suppression may not always constitute the only or even
major driver of LWA accumulation and, thus, blocking onset. Taking the uncertainty
surrounding the relationship between the block and upstream LWA sources further
into account, our evidence to support a special connection between the traffic jam
onset mechanism and the predictability of blocking onset is ultimately inconclusive.

2. Which processes govern the life cycles of blocked weather regimes?

The composite temporal evolution of European Blocking presented in chapter 5 shows
that the main LWA anomaly associated with the weather regime grows by the con­
vergence of LWA flux and is supplied by nonconservative and low-level LWA sources
upstream. Nonconservative LWA sinks were found throughout the regime life cycle at
the location of the block and become dominant prior to and during decay. The net
LWA change arises from the generally opposite and much larger tendencies due to flux
convergence/divergence and the nonconservative contributions in the LWA budget.

The European Blocking and Atlantic Ridge regimes exhibit substantial flux enhance­
ment in the northern part of their respective blocking systems, with LWA transport
continuing through the LWA anomaly. In contrast, Scandinavian Blocking and Green­
land Blocking in particular are dominated by flux suppression, facilitated by nonlinear
modification of the zonal LWA flux. Despite these differences, traffic jam character­
istics were found in all of the blocked regimes at least regionally, though the degree
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to which flux convergence, i.e., growth of the blocking system, is driven by flux sup­
pression varies significantly. The Greenland regime is most prominently governed by
downstream flux suppression, while upstream enhancement is a more important driver
for European Blocking. The relative importance of the traffic jam mechanism for the
onset and maintenance of the regimes' blocking anomalies varies between the regimes,
but also between individual life cycles of each regime and over time within a life cycle.

3. How can waveguidability be diagnosed reliably on a local scale?

We have proposed a novel rolling zonalization procedure in chapter 6 (Polster and
Wirth 2023b) to compute an atmospheric background state that is suitable for a wave­
guide and waveguidability analysis that is local in both space and time. The procedure
can be applied to snapshots of the atmosphere, i.e., it does not require temporal aggre­
gation, and has a tunable parameter that controls its spatial filtering properties. At
a window size of 60° longitude, the waveguide climatology obtained from the instan­
taneous rolling zonalized background with a PV gradient-based diagnostic recovered
the major features of the established structure of the winter-time climatological wave­
guides in the extratropics. Our study of the 2010 blocking system in chapter 7 demon­
strated that the procedure is also applicable in summer with meaningful results.

Zonalization (both hemispheric and rolling) is effective at reversing the impact of eddies
on the mean flow and therefore avoids artifacts that arise from averaging (Wirth and
Polster 2021). Our analysis of waveguide occurrence around the maxima of the Grams
et al. (2017) weather regimes correspondingly suggests that the mean zonal wind is an
indicator of waveguide occurrence only when the collocated wave amplitude is low. A
more complete and coherent picture of the local waveguide configuration was obtained
from our rolling zonalized state, though further verification is desirable.

4. Do local assessments of waveguidability matter for our understanding of the role of wave­
guides for blocking?

Yes. The present work in general and our first applications of the rolling zonalization
procedure in chapter 7 in particular strongly suggest so.

We saw localized sensitivity of the December 2016 blocking event to waveguidability
in the North Atlantic–European sector. Each weather regime pattern of the Grams
et al. (2017) classification was found to be associated with a specific local waveguide
occurrence structure. These structures largely matched our LWA-based assessment
of wave propagation and can therefore be linked to the evolution of the blocking
anomalies of each of the anticyclonic regimes. Finally, our analysis of the exceptional
Northern Hemisphere summer of 2010 suggests that zonally-symmetric background
states, independent of the underlying procedure of computation, are not capable of
explaining the observed wave patterns during the episode of strongest blocking in 2010.
In contrast, our rolling zonalization results in a waveguide assessment that is closely
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aligned with the observed patterns of waviness and indicates a rich temporal evolution
of waveguidability suitable for further analysis in terms of teleconnectivity.

8.3 Limitations and Outlook

Atmospheric blocking is a complex phenomenon that involves interacting processes across
multiple scales and shows large variability between events and regions. The Rossby wave
perspective on blocking emphasizes synoptic and larger scales in the upper troposphere,
so cannot account for all aspects of the blocking life cycle. However, as the traffic jam
theory of Nakamura and Huang (2018) shows, a wave perspective can still be insightful
and provide useful conceptual models to describe and explain the evolution of atmospheric
blocks. A representation of teleconnections in terms of waveguides and waveguidability
enables connections to tropical forcings of the midlatitude circulation as well as its inter­
actions with the stratosphere. Wave-based blocking theories are furthermore well placed
to address the gap between local and global theories of blocking.

It is important that conceptual ideas from the wave perspective can be tested on realis­
tic atmospheric datasets. The finite-amplitude local wave activity framework provides a
sound foundation for both theoretical and data-driven research into atmospheric block­
ing, particularly because it remains quantitatively meaningful even when a description of
the circulation in terms of linear Rossby waves breaks down due to the presence of large-
amplitude eddies. But limitations in the LWA framework remain that should be addressed
to maximize its potential for blocking research. It would in particular be desirable to
more explicitly account for LWA sources and sinks in the LWA budget to reduce the
magnitude of the residual term and to be able to attribute drivers of blocking life cycle
more specifically to atmospheric processes, e.g., latent heat release and the associated up­
per-tropospheric divergence or dissipative mixing of PV. Because these processes usually
live on scales smaller than the synoptic, further insight into upscale error growth could
be gained within a wave-based framework.

We identified traffic jam characteristics in our 2016 case study, but our results were af­
fected by uncertainty in the identified relationships of LWA and the LWA flux and about
the relevance of the block's precursor signal after revisiting the analysis with updated nu­
merical routines. A predictability signal of 2.5 days for the case's block strength, while in
line with other studies on short-lived blocking events, was far from a breakthrough for on­
set predictability. So although our case study indicated the possibility of a traffic jam on­
set of blocked flow, it did not produce sufficient evidence to allow us to clearly attribute
the onset to the traffic jam mechanism or to establish a straightforward connection be­
tween the mechanism and flow-dependent onset predictability. We were able to highlight
important issues, e.g., associated with the meridional structure of the blocked flow pat­
tern, that complicated the evaluation of the traffic jam model with realistic atmospheric
data. These issues should be taken into account in related studies in the future.
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Recently, Yan et al. (2024) concluded from an analysis of past blocking events that the
traffic jam onset threshold is not a useful indicator for blocking onset due to an over­
whelming number of false positive predictions made by the theory. The authors suggest
that there are confounding factors that determine the onset of blocks. However, the com­
plexity of actual blocking patterns in the LWA framework as indicated by our analyses
shows that the mapping of the 1-dimensional traffic jam model to the real atmosphere is
a difficult task. Links to other blocking frameworks, e.g., the North Atlantic–European
weather regimes of Grams et al. (2017) considered here, allow us to better capture and
account for the variability and complexity of blocking when evaluating the traffic jam
theory. Importantly, like Nakamura and Huang (2018), Yan et al. (2024) and Barpanda
and Nakamura (2025), we found a climatological correspondence between traffic jam onset
characteristics and atmospheric blocking occurrence, here indicated by the regime index.
Irrespective of the predictive power of the theory for individual events, this correspon­
dence may provide value for statistical estimations of blocking properties in applications
such as climate predictions (Barpanda and Nakamura 2025).

The LWA formulations of Huang and Nakamura (2016) and Ghinassi et al. (2018) do not
account for longitudinal variation of the background state. However, results from our
rolling zonalization procedure show that blocking can leave a meaningful local imprint on
the background state and, thus, affect waveguide properties. This is significant for our
assessment of blocking in terms of the traffic jam mechanism, which relies on nonlinear
LWA flux suppression along the midlatitude waveguide. The representation of regional
background structure in LWA could affect our assessment, as it would change the value of
the nonlinear zonal LWA flux term 𝐹2, the mechanism's saturation threshold and, gener­
ally, our concept of “along the waveguide”. Our work therefore promotes the development
of a wave activity framework local in both the wave and background state components.

Our innovation of rolling zonalization enabled us to extract a longitudinally varying back­
ground state and, thus, to diagnose local waveguidability from just a snapshot of PV.
It would be technically feasible to construct an intermediate field from the difference of
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the hemispheric and localized zonalized states to capture the longitudinal variation of the
background state separately as planetary-scale wave anomalies and integrate it into the
LWA framework. A basic separation of scales for local wave activity was already consid­
ered by Nakamura and Huang (2018) and Paradise et al. (2019) in the form of stationary
wave activity as a planetary-scale modulator of the traffic jam threshold. An intermedi­
ate scale obtained from localized zonalization (e.g., Figure 49) would introduce a time-
varying planetary scale within the LWA framework instead. Such a three-scale approach
aligns more closely with the perspective taken in multiscale interaction models of block­
ing like those of Luo et al. (2023) and opens the possibility to establish a closer connec­
tion between two major frameworks of blocking. Notably, the LWA framework's ability to
incorporate effects of diabatic processes and its computability from gridded atmospheric
data are key strengths which the nonlinear multiscale interaction models of Luo and col­
laborators still largely lack.

To understand predictability, quantitative diagnostics of the atmosphere are combined
with methods that aim to establish a relationship between atmospheric processes and
a phenomenon of consideration. In this work, we chose ensemble sensitivity analysis
to build a statistical foundation for our causal analysis of blocking onset. With ESA, we
could make use of existing ensemble data from operational forecasting for a purpose they
were not explitly created for and thereby avoided running computationally expensive cus­
tom simulations with conventional (PDE-based) NWP models. However, the advent of
machine learning-based NWP has opened up new possibilities to run fast and (compara­
tively) cheap model experiments that can be used to more directly address predictability-
related questions (e.g., Hakim and Masanam 2024; Vonich and Hakim 2024). While there
are concerns over the utility of machine learning-based predictions for studies of upscale
error growth (Selz and Craig 2023), the field is developing rapidly and the utility of more
easily accessible NWP experiments for research could be immense.

This work suggests that there is further potential for a local wave-based diagnostic frame­
work to advance the understanding of atmospheric blocking and Rossby waveguides. Our
approach to waveguide analysis based on rolling zonalization and PV gradients avoids fun­
damental problems of established diagnostics. First applications in the case studies and
regime analysis shown here as well as a recent comparative study by White and Mareshet
Admasu (2025) indicate that our approach is able to meaningfully characterize important
aspects of extratropical Rossby wave dynamics. Efforts to establish a consistent underly­
ing framework for the diagnostics used in this work and an evaluation of their potential to
provide insight into atmospheric predictability are desirable. Whatever direction future
developments take, they should not be guided by theoretical considerations alone but also
take into account the feasibility for practical weather and climate research, where com­
putational complexity and data requirements can discourage adoption of better methods.
The rolling zonalization procedure presents such a possible compromise between theoret­
ical grounding and practical usability.
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