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ABSTRACT: Atmospheric blocking entails a persistent, anomalous meandering of the jet stream
that disrupts the eastward migration of transient eddies in the midlatitudes. Here we analyze
a large number of blocking (and blocking-like) events in the Northern Hemisphere winter with
the ERAS reanalysis through the lens of vertically-averaged wave-activity budget. By applying a
feature tracking algorithm, large-valued wave-activity anomalies that persist for 4 days or longer
at a given location are identified as blocks, and block-centered composites are constructed for
the wave-activity budget through the lifecycle of blocks. The identified events share commonly
recognized features of blocking. The majority of the persistent events occur in clusters collocated
with the quasi-stationary ridge associated with the Atlantic and the Pacific storm track. Frequency
of persistent blocks is higher (lower) in regions where the ‘carrying capacity’ of the jet stream is
lower (higher). A very low carrying capacity for the transient waves leads to a large population
of blocks over Europe. The composite lifecycle of persistent blocks shows that convergence
(divergence) of the zonal flux of wave-activity dominates the budget during the onset (decay) phase
of the block, while the eddy-induced wind plays a crucial role of suppressing the zonal flux during
the maturation period. Our finding broadly supports the ‘traffic jam’ hypothesis of Nakamura and
Huang as a common mechanism of block formation, although there is vast diversity in the actual

manifestation of individual blocks.
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SIGNIFICANCE STATEMENT: The purpose of this study is to better understand why the
eastward progression of weather systems occasionally stalls in the midlatitudes resulting in a
peculiar phenomenon known as atmospheric blocking. Blocking is one of the leading causes
of extreme weather in the midlatitudes yet its prediction often proves challenging. Our results
identify the common dynamical processes that define the blocking lifecycle during the Northern
Hemisphere winter. Particularly, blocks are shown to be a result of self-induced flow deceleration
that occurs when the midlatitude waves grow very large in amplitude. Using a newly developed
block detection algorithm, the study draws an insightful analogy between blocking and traffic
congestion on a highway, suggesting that blocking is more prevalent in regions where the jet

stream’s ‘carrying capacity’ is lower and less frequent in regions where it is higher.

1. Introduction

Atmospheric blocking is a type of anomalous weather event in the midlatitudes that disrupts
the typical eastward migration of high/low pressure systems (Rossby waves) due to persistent
meandering of the jet stream (Rex 1950; Berggren et al. 1949; Woollings et al. 2010b, 2018).
Atmospheric blocks usually manifest as a quasi-stationary cyclone/anticyclone that can persist at a
location from a few days to more than a week and often results in unusually high/low temperatures,
drought/deluge, and other forms of weather anomalies depending on the location and season
of occurence (Demirtag 2017; Lupo 2021; Kautz et al. 2022). These systems often emerge
spontaneously without a well-defined precursor, thus making them a leading cause of ‘forecast
busts’ in the midlatitudes (Rodwell et al. 2013).

Given that blocking was recognized more than seven decades ago (Rex 1950; Berggren et al.
1949), and given the abundance of meteorological data and computational resources today, it is
somewhat surprising that we still do not have a prevailing theory for blocking in a manner similar
to baroclinic instability (Charney 1947; Eady 1949; Phillips 1951), stratospheric wave-mean flow
interaction (Charney and Drazin 1961; Lindzen and Holton 1968; Matsuno 1971; Andrews and
Mclntyre 1976; Plumb 1977) or the meridional overturning circulation (Eliassen 1952; Kuo 1956;
Held and Hou 1980; Johnson 1989).

Early attempts to explain blocking as a resonant amplification of a stationary planetary wave

by an external forcing (Tung and Lindzen 1979; Charney and DeVore 1979) resurfaced in recent
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years with a renewed interest in the Northern Hemisphere summer blocking and associated heat
waves (Petoukhov et al. 2013; Mann et al. 2018). The resonance theory requires a Rossby wave
train to be guided over topography and other external forcing for a sufficiently long time; whether
this condition is met in the atmosphere is still under debate (Wirth and Polster 2022). During
the 1980s, modons and other solitary waves were recognized as a possible unforced solution of
the nonlinear governing equations and considered a prototype of blocking (e.g. McWilliams 1980;
Butchart et al. 1989; Haines and Marshall 1987). Yet it remains unclear what processes lead to the
creation of the solitary feature from a wavy flow. A widely recognized eddy straining mechanism
(Shutts 1983) offers an explanation for the maintenance of a pre-existing block but it does not
address blocking onset [see a related discussion on selective absorption mechanism by Yamazaki
and Itoh (2013)]. There is also a body of literature that treats blocking as an emergent coherent
structure in a high-dimensional, chaotic dynamical system rather than as a local wave phenomenon
(Legras and Ghil 1985; Ghil et al. 2019; Lucarini and Gritsun 2019).

Despite the disparate theoretical characterizations of blocking, there is sufficient evidence to sug-
gest that the interaction between transient eddies and background diffluent flow plays an important
role in shaping blocking episodes (Berggren et al. 1949; Green 1977; Shutts 1983; Colucci 2001;
Trenberth 1986; Mullen 1987; Nakamura et al. 1997; Pelly and Hoskins 2003; Woollings et al.
2008; Altenhoff et al. 2008). Some conceptual models based on the interaction of waves and flows
over different scales show promise (Luo 2005; Luo et al. 2019; Swanson 2000), although they are
not readily verifiable using observed blocking episodes. Meanwhile, there has been a growing
attention to the role of diabatic heating associated with moist processes (Pfahl et al. 2015; Steinfeld
and Pfahl 2019). A moist blocking theory remains largely unexplored.

In recent years, the finite-amplitude local wave-activity (LWA) theory has emerged as a viable
framework to address atmospheric blocking because it allows a description of large-amplitude
Rossby waves including wave-breaking features, which are typically associated with atmospheric
blocks. First proposed by Huang and Nakamura (2016, 2017), LWA measures Rossby wave
amplitude using the meridional displacement of quasigeostrophic potential vorticity (QGPV) from
a ‘zonalized’ reference state (Huang and Nakamura 2016, see their Fig.1). In addition, LWA vastly
improves the budget from its small-amplitude limit and affords a relatively simple interpretation

for the role of wave-activity fluxes and other physical processes responsible for the growth of



85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

anomalously large wave events (Nakamura 2024). For example, Neal et al. (2022) use the LWA
budget to quantify the effects of diabatic heating from an upstream cyclone on the blocking
anticyclone that drove the 2021 Pacific Northwest heatwave.

Based on the observed budget of vertically-averaged LWA, Nakamura and Huang (2018, hereafter
NH18) proposed a semi-empirical theory for atmospheric blocking. In their conceptual model, the
wave-activity budget along the jet stream is reduced to a 1-dimensional nonlinear partial differential
equation which mathematically appears similar to the well-studied Lighthill-Whitham—Richards
model for a traffic flow (Lighthill and Whitham 1955; Richards 1956). Just as an increased traffic
density slows down the traffic speed on a highway, an increased LWA slows down the westerly
wind of the jet stream. This causes the eastward wave-activity flux (zonal LWA flux) to reach
a maximum (‘carrying capacity’ of the jet stream) at a threshold value of wave-activity, beyond
which the stalling of the westerly wind proceeds spontaneously. NH18 dubbed this process the
traffic jam mechanism for the onset of atmospheric blocking.

The 1D traffic-flow model has been used for examining the connection between dynamics
and statistics of blocking in hypothetical climate scenarios. Paradise et al. (2019) and Valva
and Nakamura (2021) integrated the model with prescribed (pseudostochastic) eddy forcing and
showed that the blocking statistics are modulated by the stationary wave amplitude, jet speed and
amplitude of transient forcings. Using an idealized numerical model, Nakamura and Huang (2017)
demonstrate that the traffic-jam mechanism is also plausible in 2D flows representative of a jet
stream along a potential vorticity front. Recently, Polster and Wirth (2023) tested the traffic jam
idea in the context of ensemble reforecast of an observed blocking event over the North Atlantic.
They find the mechanism relevant for the particular event examined.

In the present work, we investigate a large number of observed blocking events for the Northern
Hemisphere (NH) winter using ERAS reanalysis (1979-2022). Using the vertically-averaged budget
of wave-activity, we aim to identify common dynamics that underlies diverse manifestations of
blocking events. To this end, we employ a feature-tracking algorithm to identify all large-amplitude
Rossby waves that appear as persistent anomalies in the NH jet stream and classify them into
cyclonic/anticyclonic events. We then conduct block-centered composite analyses of the LWA
budget throughout their life cycle. Attention is paid to the role of the zonal flux of wave-activity

and its modification by the eddy-induced flow, a key aspect of the traffic jam theory. Furthermore,
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we evaluate the utility of the carrying capacity as a predictor for the block statistics. We restrict our
attention to the NH winter. Comparisons with summertime and the Southern Hemisphere (SH)
atmospheric blocks are deferred to a future study.

The paper is organized as follows. In section 2, we review the LWA framework and the theory
behind the traffic jam mechanism. In section 3, we describe the feature-tracking algorithm used for
identifying major persistent anomalies in the jet stream. Section 4 presents the spatial distribution,
life cycle, and the LWA budget analysis of all the tracked events. Finally, we conclude and

summarize our results in section 3.

2. Brief review of LWA framework

a. Wave-activity and its budget

We use the local wave-activity (LWA) framework to study atmospheric blocks. LWA (A)
measures the amplitude of the Rossby wave by the meridional displacement of QGPV (g) from a

zonally symmetric reference state (g, ). In the spherical coordinate, LWA is expressed as

Ag
A(A,¢,2,1) cosg = —a / (4 — qrer) cOS(@+)d, (1)

0

where a is the radius of the Earth, (1, ¢, z,¢) denote longitude, latitude, pressure pseudo-height and
time, respectively. ¢ is a displacement coordinate and ¢ = A¢ (1, ¢, z,1) defines the instantaneous
meridional displacement of a QGPV contour with respect to the latitude circle, ¢. In this framework,
the wave-free reference state g, (¢, z,t) is determined by zonalizing QGPV contours (Huang and
Nakamura 2016). The reference-state zonal winds (u,,,) and potential temperature (6,,,) are
inverted from ¢, with the appropriate boundary conditions (see Neal et al. 2022 and Nakmaura
2024; their supplementary materials). All “eddies” (subsequently denoted with a subscript e) are

defined as deviations from the reference state.
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The vertically averaged LWA follows the budget given by (Nakamura 2024)

0 1  O(F 1 0(Fy4cos oF
—(A)cosp =— Fa) {Fycos ) —<eZ/H—Z>+residual (2a)
ot acos¢ 04 acos¢ 0¢ 2 —
LWA tendency ) (I {my
where, F, = (F1+F3)+ (F») (2b)
—_——— ——
linear nonlinear

where (...) denotes density-weighted vertical average, H = 7 km is the assumed scale-height and
F,, Fy, F, are the zonal, meridional and vertical wave-activity fluxes, respectively. In addition,
F represents the zonal advective flux of LWA by the reference-state wind, F3 is the radiation
stress of Rossby waves and F, represents the zonal advective flux by the eddy-induced wind. The
exact expressions for the fluxes are given in the second column of Table 1. Terms (I)-(II) in Eq.
(2a) are evaluated by performing density-weighted vertical averaging on F; and Fys. Term (III)
amounts to the injection of F, at the surface which is a function of meridional eddy heat flux
given by (fcos¢/H) (v.0./Sp).—o, Where v, and 6, are eddies of meridional wind and potential
temperature, respectively (see Table 1 for the exact expressions of Fy, Fy and F;). Here f is the
Coriolis parameter and Sy is the area-weighted hemispheric mean static-stability (Table 1). Finally,
Term (IV) is estimated as the residual of the LWA budget. This term may arise due to nonadiabatic
and nonquasigeostrophic sources and sinks of LWA tendency, which includes the effects of friction,
small-scale turbulence, latent heating and radiative process. When applied to data, the residual of
the budget [Term (IV)] inevitably absorbs the analysis errors of the other terms. However, the peak
magnitude of the residual is typically comparable to that of the other terms. It suggests that, to the
extent that the other terms are analyzed accurately, the residual term holds a comparable accuracy
where its values are large.

Note that LWA contains both amplitude and phase information of Rossby waves and geostrophic
eddies. After a suitable phase averaging, the fluxes 7_} = (F3, Fy, F;) will become the zonal, merid-
ional and vertical Eliassen-Palm (EP) fluxes. In the limit of small-amplitude WKB approximation,
the vector ¢, = F /(Acos¢) gives the group velocity of the Rossby waves. Thus Eq. (6) is an
extension of the previous linear wave-activity diagnostics [e.g Plumb 1986, his Eq. (2.14)]. In

the present study, we apply weak time filtering (4-day low-pass filter) and spatial filtering (15°
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Flux Exact expression Approx. relation with (A) Description

F Fi+F,+F;3 (uo —a(A)+ c’g‘,) (A)cos¢p  Total zonal flux

Zonal advective flux
Fi Uppp FCOSP uog(A)cos ¢ of LWA due to refer-
ence state wind

Y R o
F3 % (v? —u’-62 RZ_—’;/H cos¢ cy(A)cose Sztgélszl radiation
Fy  —(ueve)cose cy(A)cos ¢ g/f)e;iiiglsls"ﬂ radia-
F, (v.6,) e_Z/HS]; cos¢ ¢ (AYcos b Xfé;iscal radiation

TaBLE 1. A summary of LWA fluxes and their decomposition where x = R/c,, R is the ideal gas constant, ¢,
is the specific heat at constant pressure of dry air, Sy is the hemispheric-mean static stability given by 9,6, the
three-dimensional group velocity of Rossby waves is given by (cg, cg, cg), the variable ug is time- and vertically

averaged u,,,,, and the rest of the parameters are defined in the main text.

running-mean along longitude) to smooth out phase variation associated with synoptic transient
eddies.

From here onward, the study will focus only on the vertically averaged quantities and the angle
brackets will be dropped for simplicity. Additionally, all references to wave-activity in this paper

will solely refer to LWA unless otherwise stated.

b. Role of zonal advection and eddy-wind covariance

NH18 introduced additional simplifying approximations to Eq. (2a) based on the observed wave-
activity budget: (i) On synoptic timescales, the growth and decay of wave-activity is dominated
by the zonal-flux convergence term, i.e, Term (I) dominates the LWA tendency of Eq. (2a) in the
storm track region and (ii) locally, the zonal wind covaries negatively with the LWA throughout
the storm track region. Both approximations will be scrutinized and their relevance for blocking

will be discussed in more detail in the sections below.
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To test the first approximation, one can derive a variance budget for wave-activity by time-

integrating the LWA tendency term and the RHS terms from Eq. (2a) as,

Var(A’) =Cov(A',T')+Cov(A',I")+Cov(A’,III') + Cov (A’,IV’), (3a)
S
LWA variance @) (ii) (iii) @iv)
t+4 t+4 T
where Var(A') = (/ (0;A") df) (/ (0, A") df) cos ¢ (3b)
t t
+4 +4 T
and Cov (A, X') = (/ (0,A") df) (/ X’df) : (3¢)
t t

Here the prime denotes transient component and the variance is calculated as the change over 4
days. The parentheses in Egs. (3b) and (3c) are a row matrix consisting of a series of time integrals
over consecutive 4-day periods within DJF from 1979-2022, 7 is time in days, T indicates matrix
transpose, and X in Eq. (3c) denotes Terms (I)-(IV) in Eq. (2a). All calculations are performed
on daily-averaged time series obtained from 6-hourly datasets of LWA and its fluxes. The method
used to evaluate transient component (e.g. A’ and X”) is described in more detail in the methods
section (see section 3a).

Figure 1 maps the terms in Eq. (3a) for DJF 1979-2022. Panels (a) and (b) in Fig. 1 show
that the variance of the 4-day change in LWA is largely explained by the covariance with Term
() in the midlatitudes thus satisfying the first approximation. This is particularly true along the
Atlantic storm track region and in the western Pacific. The roles of the other terms are of secondary
importance on this timescale, although Term (II) has significant negative contributions east of Japan
(Fig. 1c), and Term (IV) contributes positively over the Bay of Alaska and northeast Canada (Fig.
le). It may appear surprising that the contribution of the surface baroclinic injection (Term III) is
very small (Fig. 1d). This is a result of local covariance and does not imply an absence of surface
injection: since air is advected downstream, the injection of wave-activity does not necessarily
correlate with the local tendency of wave-activity. See appendix A for further decomposition of
the zonal LWA flux into linear and nonlinear components.

The second approximation, namely, the negative covariance between LWA and zonal wind
is introduced semi-empirically in NH18 (see their Fig. 1). This may be expected from the

nonacceleration theorem although the local application of this theorem proves unwieldy except for
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Fic. 1. (a) 4-day variance of the vertically-averaged LWA and its covariance with the 4-day integrated (b)
zonal flux convergence, (c) meridional flux convergence, (d) surface flux injection and the (e) residual term.
Every panel from (a) through (e) corresponds to each of the terms in Eq. (3a) of the main text. (f) Empirical
estimation of « during the same period as above. The stipples in (f) denote regions where the transient zonal
wind and wave-activity are weakly correlated, i.e. where the r-value < |0.5| in the estimation of a. All panels

show averaged values over DJF during 1979-2022 from ERAS dataset.
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certain limiting cases (Huang and Nakamura 2016). Nevertheless, the negative covariance between

the vertically averaged LWA and zonal wind in reanalysis products is robust and universal:
Ue ~ —aA, a>0. @

implies that LWA grows at the expense of zonal wind speed and vice versa. The regression
coefficient a can be estimated as a = —(u, A'T) / (A’ A'T), where A’, u’, are row matrices containing
the time-filtered transient LWA and zonal wind, respectively. As shown in Fig. 1f, « typically
varies between 0 and 1. According to the nonacceleration theorem, @ = 1 in an idealized barotropic
flow. In the presence of baroclinicity and nonconservative processes, the vertical scale of LWA
tends to be smaller than that of the zonal wind, which makes @ < 1 (Huang and Nakamura 2016;
Nakamura and Huang 2017). The meridional gradient of « in Fig. 1f reflects the fact that
baroclinicity is higher in the extratropics than in the tropics. In the latitudes of storm tracks, o
is 0.3-0.4. Equation (4) defines a regional eddy-mean flow interaction that is crucial for block
formation in the current context. Note that u, in Eq. (4) is local departure of the zonal wind from
the reference state, and unlike the usual Eulerian definition of eddy, it contains a component that

does not depend on the phase of eddy, which we call eddy-induced zonal flow.

c. Traffic jam mechanism and the carrying capacity of the jet stream

With the approximations described in section 2b, NH18 simplified Eq. (2a) into 1D equation:

dA 0 e
W_—a—x((u(ﬁcg)ﬂ afﬂ)+S At (5)

Term I

where the first term of the RHS corresponds to Term (I) in Eq. (2a) with dx = acos ¢dA, Terms
(ID-(IV) (that are of secondary importance) are lumped together as a source and linear damping of
LWA, where the cosine factor and angle brackets are dropped for simplicity. Decomposing LWA

into steady and transient wave components, A(x,1) = Ap(x) + A’ (x,t), transient part of Eq. (5)

11
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may be further written as

IA I, A

ot Ox +S T’ (6a)
where F = (C(x) —aA)A’, (6b)
and C(x) = uo+c, —2aAp(x). (6¢)
Away from the source and sink, Eq. (6a) reduces to
OA” _ oF [ OF \ oA (7a)
o ox OA’| Ox
oA’
=- (C(x)-2aA) (7b)

0x

where 0F" /0 A’ = (C(x) —2aA’) is the effective advective velocity. Suppose a packet of Rossby
wave characterized by A’ (x,1) is propagating eastward (increasing x) in a channel. If 0F’/0A’
is positive everywhere, the packet continues to move eastward across the channel. If on the other
hand 0 F’/0A’ vanishes somewhere, the front end of the packet stagnates at the location, the flux
from behind catches up and LWA accumulates. From Egs. (7b), (6b) and (6¢) and also from Fig.

2 it is evident that 0 F’/0.A’ vanishes at the the maximum value of F’, given by

C2(x) B (u0+c§ —2(1/.?(0)2

F, =
(x) 4o da

®)

with the threshold value of LWA at A/ (x) = C(x)/2a = (F./a) 12,

We call F, the carrying capacity of the jet stream for transient Rossby waves. Carrying capacity
arises from the nonlinearity associated with eddy-flow interaction. When the wave amplitude is
small, the eastward LWA flux increases with an increasing LWA (Fig. 2). However, as LWA grows,
the effective advective velocity decreases. This serves as a brake for the advection and eventually the
growth of the flux is halted at the carrying capacity when A’ = A... At this point, wave stagnates
and the accumulation of LWA starts. Once A’ grows past the threshold A’, the LWA flux F’
decreases with an increasing LWA (Fig. 2). This reinforces the flux convergence and accelerates
the growth of LWA until the flux vanishes. The mechanism of wave stagnation described above is

mathematically equivalent to the formation of traffic congestion on a highway, in which an increase

12
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FiG. 2. Schematic showing the relationship between LWA and the zonal LWA flux. For smaller waves (LWA
< LWA threshold), the zonal flux of LWA increases with increasing LWA due to the dominant linear term that is
associated with an eastward migration of waves with the Doppler-shifted group velocity. For larger waves, (LWA
> LWA threshold), the flux decreases with increasing LWA due to the dominant nonlinear term associated with
the eddy-induced zonal flow. The ‘carrying capacity’ is the maximum zonal LWA flux that can be transmitted
at any location. To reach the nonlinear regime the incident zonal LWA flux must be elevated to this level.
If the incident flux from upstream is sustained, the nonlinear regime creates a positive feedback between the
flux convergence and increase in LWA and therefore it is unstable, spontaneously evolving toward the zero-flux
(blocked) state. A low carrying capacity in the jet stream is conducive to block formation since it requires less

flux perturbation from upstream to reach the nonlinear regime. Also see Figs. 5d and 6b.

in the traffic density causes a decrease in the traffic speed [analogus to Eq. (4)] (Lighthill and
Whitham 1955, Richards 1956). In places where the carrying capacity F. is low [i.e. due to an
enhanced stationary wave Ap(x) or a reduced mean jet-speed (ug)], the threshold A, is also low
and thus it is easier for a block to form for the same level of incident wave-activity flux F”.

With simple 1D and 2D models, Nakamura and Huang (2017) demonstrate that edge waves
traveling along a PV front can stagnate and form an abrupt transition from zonal propagation into
a block-like stationary structure through this mechanism. The boundary of the transition then

migrates slowly upstream.
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While the traffic jam analogy provides a simple theory for block formation, given the diversity
of block manifestations, it is worth testing the extent to which the theory characterizes blocking
events observed in the real atmosphere. In what follows, we analyze a large number of wave events
that involve persistent, anomalous meandering of the jet stream during the Northern Hemisphere
winter with the ERAS reanalysis product. We then explore the extent to which the imprint of
traffic jam is recognizable in the blocking statistics. In particular, we examine how the theoretical
carrying capacity of the jet stream relates to the frequency and duration of the observed blocks

and how the wave-activity budget evolves during the lifecycle of blocking.

3. Treatment of data and methods

a. Evaluation of the budget terms

We use 6-hourly horizontal velocities and temperature from ERAS on 37 pressure levels with a
1° x 1° horizontal resolution (Hersbach et al. 2020) to compute the terms in the LWA budget for
the Northern Hemisphere winter (DJF 1979-2022). In addition to the vertically-averaged LWA,
all terms in the second column of Table 1 are computed following the same procedures as in Neal
et al. (2022); Huang and Nakamura (2016, 2017); Nakamura and Huang (2018). Once evaluated,
these quantities are daily averaged for further analysis. The transient component of the LWA and
the transient fluxes (e.g. A’, F), F, ;5 etc.) are calculated by applying a 4-day low-pass time filter
on daily-averaged time series. Prior to the temporal filtering we also remove the seasonal cycle
from the time series which is computed using the first three annual harmonics of the daily means
of the entire dataset which spans from Dec. 1979 to Feb. 2022. After the temporal filtering, we
zonally smooth the transient fields using a 15° running-mean along longitude. The latter is done to
suppress variability associated with the phase structure of the small-scale traveling waves. While
the smoothing does not change the overall results, it improves the description of the wave activity

budget associated with large-scale waves as discussed in the subsequent sections.

b. Empirical estimates of various parameters

A key quantity in this study is the seasonal-mean ‘carrying capacity’ for the transient eddy, F,
[Eq. (8)]. To evaluate F., we need to evaluate a, Ay and ug+ c’(g‘, [see Eq. (8)]. a represents the

wave-mean flow interaction strength and is determined from Eq. (4) (see Fig. 1f). Ag represents
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Tracking a 7-day persistent event
centered on Feb 03, 2012 near 68E, 58N
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Fic. 3. An example of a blocking event on February, 03, 2012 (day 0) at 68°E, 58°N extracted from daily-
averaged LWA field using the feature-tracking algorithm as outlined in Section 3. The blue connected patches
are regions where A cos ¢ > A, cos ¢. Two consecutive patches have more than 60% areal overlap and the light

to dark shading indicates progression of time.

a stationary (and steady) wave component maintained by external forcing such as topography and
land-sea thermal contrast. In this study, Ay is computed for each longitude and latitude using
the monthly-mean QGPV in Eq. (1) and averaged over the season (Huang and Nakamura 2017;
Nakamura 2024). Ay calculated this way is distinct from the time-mean LWA and minimizes the
effect of blocks on the stationary LWA. Ay computed as the local seasonal minimum in LWA (as in
NH18) gives qualitatively similar result (not shown). Finally, uo+c; represents the Doppler-shifted
zonal group velocity of Rossby wave-packet and is computed as a regression coefficient between
vertically-averaged linear zonal LWA flux (F; + F3) and the wave-activity (A cos ¢) [see Table 1].
To highlight the role of stationary wave in the variation of F,, we use the zonally averaged values
of ug +c2€ and « (denoted by an overbar). Since the zonal variation in these quantities is modest,
this averaging does not affect the overall structure of F,, while it filters spurious values in isolated
regions where the estimate of « is unreliable. The structure of F, and its decomposition will be

discussed later (Figs. 6b and C1 of appendix C.)
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c. Identification and tracking of wave-activity blocks

Blocking events are identified as dynamical features where: (1) daily-averaged LWA contours

exceed the threshold of A, cos ¢ = 65 ms~! and where (2) the LWA contours persist over a location

for 4 days or more. The threshold value, A, cos ¢ is empirically determined by finding an aggregate

estimate of Acos ¢ that maximizes F, between 30-60°N during DJF. See appendix B for more

details. The ‘blocked’ wave-activity events are then traced using a feature-tracking algorithm as

described below. Note that no additional temporal or spatial filtering is applied to LWA inside the

tracking algorithm.

1.

From the daily-mean LWA maps on the longitude-latitude plane, the large wave-activity events

are identified as isolated patches in which A cos¢$ > 65 ms~!.

. Two consecutive patches 24 hours apart are considered to be part of the same event if the area

of overlap is at least 60% of their average area, otherwise they are deemed as separate events.

. Step 2 is iterated in a sliding time window of 25 days for each winter season (DJF) until

no significant overlap is found. Specifically, the search for overlapping patches ends and a

‘blocked’ wave-activity event is identified when their areal overlap reduces below 60%.

. For every event, its location is determined by finding the centroid of the overlapping patches

and its persistence is determined by counting the number of consecutive days during which
the patches overlapped around the centroid. All events that persist for less than 4 days are

discarded from the analysis.

. Every event is further classified as either cyclonic or anticyclonic depending on the dominant

sign of the QGPV anomalies. The event is deemed cyclonic (anticyclonic) if the QGPV
anomaly (gq.) at the centroid averaged over the duration of the event is positive (negative).

[See Valva and Nakamura (2021); Chen et al. (2015).]

Steps 1-5 are repeated for 43 winters from 1979-1980 to 2021-2022.

Figure 3 illustrates the identification of a blocking event using the steps described above. Figure 4

shows a composite lifecycle of 72 blocks that persisted 7 days or longer according to the method

described above. All events identified by this process closely resemble the canonical structure of

an atmospheric block, including anomalous growth of wave amplitude (Figs. 4a) accompanied
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Fic. 4. Composite lifecycle of wave-activity blocks with persistence > 7 days showing time evolution of (a)
vertically averaged LWA in ms~!, (b) geopotential height at 300 hPa in km (colors), wind streams at 300 hPa

(blue streamlines) and (c) zonal wind speed at 300 hPa in ms™!

. The composite is obtained from a sample
of 72 events. The regions with white dots indicate statistically significant values outside a confidence interval
(CI) of 15— 85 percentile estimated from 5000 bootstrap samples. The gray contours encircle the region where
Acos¢ > A.=65m s~ and the white contours in column (c) encircle regions where u3gg < 0. The X,y axes are

longitude and latitude centered on the blocking location on day O indicated by the black star at the origin.

by a persistent geopotential anomaly and a poleward diversion of the jet stream (Fig. 4b), and
local deceleration of zonal winds at 300 hPa (Fig. 4c). Therefore, we refer to these persistent

anomalous LWA events as wave-activity blocks. Due to predominance of anticyclonic blocks at
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this persistence (> 7 days), the composite lifecycle also appears to be anticyclonic. In Fig. D1 we
show a similar composite for 399 events with shorter persistence (4-6 days). At this persistence
the samples also include a large fraction of cyclonic events, and at the peak (day O to 2) the 300
hPa geopotential height exhibits an anticyclonic-cyclonic pair reminiscent of a Rex block. A more

detailed comparison of various blocking types and their persistence is deferred to a future study.

4. Results

a. Spatial distribution and persistence of blocking events

The spatial distribution of the wave-activity blocks during NH winter is shown in Fig. 5. The
majority of the short-lived (< 3 days) events occurs more or less homogeneously throughout the
midlatitudes (not shown). However, long-lived events with persistence > 4 days tend to occur in
clusters over the pre-existing quasi-stationary ridges and troughs over the North Atlantic and Pacific
storm tracks (Figs. 5a, c¢). The clusters of wave-activity blocks are found in the close vicinity of the
peaks in the stationary LWA (Agcos ¢, Fig. 5b). A particularly strong stationary LWA to the north
of the North Atlantic cluster is associated with a pronounced poleward excursion of the low-level
time-mean QGPV due mainly to the sea surface temperature distribution.

The identified events are further classified into cyclonic or anticyclonic types using the method
described earlier. The exact location, frequency and persistence of the two block types are found
to vary by longitude as revealed by their zonal distribution (see Fig. 5c). The cyclonic blocks (red
bars in Fig. 5c) are found to be fewer in number; they show a peak activity over the east coast
of Eurasia (120°E - 150°E), coincident with climatological low-pressure system at 300 hPa (Figs.
Sa, ¢). In contrast, the anticyclonic blocks (blue bars in Fig. 5¢) dominate the rest of the NH with
a particularly large frequency around the west coast of Europe (30°E - 30°W), coincident with
climatological high-pressure system at 300 hPa (Figs. 5a, c¢) and the peak stationary LWA (Figs.
5b, ¢). Overall, the frequency of wave-activity blocks correlates with the strength of the stationary
LWA averaged between 40—60°N (maroon curve in Fig. 5c).

Qualitatively, the overall distribution of wave-activity blocks reproduces the previously identified
regions of high blocking activity based on other metrics (Barriopedro et al. 2006; Pelly and Hoskins
2003). The overlap of the climatological mean stationary LWA and the wave-activity blocks agrees

well with the prediction of NH18 and Paradise et al. (2019), who state that the modulation of the
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Fic. 5. Spatial distribution of wintertime wave-activity blocks identified by the feature-tracking algorithm
described in section 3c. (a) Locations at day O for cyclonic (circles) and anticyclonic (triangles) events, color-
coded according to persistence (4-17 days). Contours are the climatological mean DJF 300-hPa geopotential
height anomaly (departure from the zonal mean). (b) Same as (a) but overlaid with the DJF-mean stationary
LWA Ay cos ¢ (color shading). (c) Histogram of events decomposed into cyclonic (red) and anticyclonic (blue)
features in the NH. The curves represent the DJF-mean geopotential height anomaly at 300hPa (black dashed
curve) and DJF-mean stationary LWA (Agcos @) averaged between 40°-60°N. All data is from ERAS reanalysis
during DJF from 1979 to 2022.

jet speed by a steady, forced Rossby wave provides bottlenecks to the transient eddies and localizes
block formation. In agreement with this idea, recent modeling work by Narinesingh et al. (2020)
also showed the importance of topographically forced stationary Rossby waves on the persistence

of blocking.
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Fic. 6. (a) Covariance relation between transient zonal-wind and wave-activity. Blue is negative and is
shown in absolute values. (b) Theoretical carrying capacity for transient LWA during NH winter (color-shading)
estimated using Eq. (8). Both (a) and (b) are overlaid with the spatial distribution of wave-activity blocks as in
Fig. 5a (circles). The black stripes in (b) denote regions where the transient zonal-wind and wave-activity are
weakly correlated, i.e. where r-value < |0.5| in the estimation of @. (c) Same as Fig. 5c but overlaid with the

carrying capacity for the transient eddies (F,). All data is from ERAS reanalysis during DJF from 1979 to 2022.

b. Eddy-wind covariance and carrying capacity

Next, we evaluate whether the wave-activity blocks satisfy some of the theoretical constraints
for the traffic jam mechanism described in section 2¢. Figure 6a clearly shows that wave-activity

events persist in locations where the negative covariance between transient zonal wind and LWA
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is pronounced, consistent with Eq. (4). This shows that the regional eddy-flow interaction is
symptomatic for block formation.

More importantly, Figs. 6b and ¢ demonstrate that wave-activity blocks tend to persist longer in
locations where the carrying capacity for transient eddies (F,), is lower, whereas they are sparse
and short-lived in locations where F, is higher. Figure 6b shows that large F,. coincides with fast
subtropical jet streams, and persistent blocks are situated almost invariably to the north of these
regions, where F,. is smaller. Some short-lived events occur in the subtropics of the eastern North
Pacific and eastern North Atlantic. These events are mostly related to equatorward breaking of
synoptic eddies spun off from the storm tracks. The longitudinal profile of F. in Fig. 6¢ shows that
it almost vanishes in the eastern North Atlantic (~20°W) and also remains small over the Pacific
(130°E-140°W). There is a clear correlation between the minima in F, and the frequency of the
blocks. In particular, the very small F, over the Atlantic leaves little room for transient eddies to
pass though this region without reaching the nonlinear regime (Fig. 2), which explains well the
very high peak frequency of blocks in the Euro-Atlantic sector in light of the traffic jam theory.

Note that the carrying capacity encapsulates two competing physical processes [see Egs. (6c)
and (8)], namely, eastward flux of transient LWA by the Doppler-shifted group velocity (uo+c,)
and a reduction in the eastward advective flux due to stationary wave-flow interaction (—2a.Ap). A
stronger, more zonally symmetric jet would raise the capacity and inhibit the block formation, while
a stronger wave-flow interaction would lower the capacity and favor block formation. This feature
is captured by F through the numerator, (1o +cy — 2aAp)?. See Fig. C1 for a decomposition of
F. into separate contributions.

So far we have discussed how the climatological mean state of the midlatitudes affects the location
and persistence of the extreme LWA events. While the result is broadly consistent with the traffic
jam theory, a more direct test would be how LWA and its budget evolve during the lifecycle of the

blocking events, which we will explore next.

c¢. 1D composite lifecycle of wave-activity blocks

Figure 7a shows composite lifecycle of wave-activity blocks with a persistence of 7 days or
longer in terms of their vertically averaged transient LWA budget [Eq. (2a)]. Before forming the

composite, each of the budget terms is first temporally filtered by removing the seasonal cycle and
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Fic. 7. 1D composite lifecycle of wave-activity blocks with persistence > 7 days in terms of their vertically-
averaged transient LWA budget in the top row (panels a-e) along with the evolution of transient LWA and zonal-
LWA fluxes in the bottom row (panels f-i). Each panel shows (a) LWA tendency, (b) zonal flux convergence,
(c) meridional flux convergence, (d) surface flux injection, (e) the residual, (f) transient LWA, (g) the transient
zonal flux of LWA and the latter’s decomposition into (h) linear and (i) nonlinear components. The composite is
obtained from a sample of 72 events. All fields are meridionally averaged between +15 degrees of the centroid
latitude. The stippled regions indicate statistically significant values outside a confidence interval of 15— 85
percentile. The error range is estimated from 5000 bootstrap samples picked from a set of random locations in
the NH and random 15-day time slices during DJF from 1979-2022. The yellow contours encircle the region
where A cos¢ > A cos .
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applying a 4-day low-pass time filter followed by a zonal smoothing using 15° running mean. The
filtered terms are then averaged meridionally over £15 degrees of the centroid latitude at the peak
of each event identified via the tracking algorithm. Finally, the terms are composited and plotted
as functions of longitude and time, both centered on the peak of the events.

The growth and decay phases of the block are well separated by a period of near-steady amplitude
(mature phase) for ~6 days (Figs. 7a, f). During the growth and decay phases, the change in LWA
proceeds from upstream (west) to downstream (east) (Fig. 7a). These LWA tendencies are balanced
by the combination of the zonal flux convergence (Fig. 7b), surface injection (Fig. 7d), and the
residual (Fig. 7e). Due to the meridional averaging, the effect of meridional flux convergence is
weak (Fig. 7c). The positive (negative) LWA tendency largely reflects the zonal flux convergence
(divergence) (Figs. 7a, b). During the growth phase, a positive LWA flux is fed from upstream,
whereas during the decay phase, a positive flux is discharged downstream (Fig. 7g). The upstream
flux starts ~ 40 degrees to the west of the block’s center around day -5, whereas the downstream
flux extends to ~ 30 degrees east of the block and lasts to about day +5, with a sign of continuation
further downstream. During the mature phase, while LWA achieves a peak value, the zonal flux
vanishes and even turns slightly negative inside the block (Figs. 7f, g). Further decomposition
of the zonal flux into linear and nonlinear fluxes [Eq. (2b)] reveals that, while the linear flux is
positive and maximal in the block, the nonlinear flux grows strongly negative and suppresses the
linear flux at the peak of the block (Fig. 7h, i). This is consistent with the traffic jam theory. Notice
that the zonal flux has peak negative values outside the block during the mature phase (Fig. 7g),
which creates weak divergence (convergence) in the upstream (downstream) of the block (Fig. 7b).
The divergence of the flux in the upstream region is largely balanced by a positive surface injection
due to a poleward flux of eddy potential temperature at the surface, whereas the convergence in
the downstream region is largely balanced by a negative surface injection due to an equatorward
flux of eddy potential temperature (Figs. 7b, d). As a result, the budget of vertically-averaged
LWA in the mature phase does not create a significant net tendency of LWA. The residual term
is predominantly negative inside the block, suggesting that LWA is dissipated through mixing of
QGPV. However, there is a pocket of positive values in the upstream of the block between day -5
and -3, suggesting that diabatic heating may have some role in generating the upstream flux (Neal

et al. 2022; Steinfeld et al. 2020) (Fig. 7e).
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There is a fair amount of agreement between Fig. 7 and the traffic jam theory. Specifically, the
block formation is triggered by an incident LWA flux from upstream, followed by the suppression of
the zonal flux by the eddy-induced wind. Yet there are some important deviations from the theory.
For example, the composite lifecycle is symmetrical in longitude about the center of the block. In
the 1D traffic jam model, the growth phase involves shock formation and LWA amplification on the
upstream side of the block (Nakamura and Huang 2017, 2018), which is characteristically absent
in Fig.7. This is presumably due to a limitation of the 1D model. Nakamura and Huang (2017)
shows that in a 2D model a near-discontinuity in LWA still forms but its location is not independent
of latitude and therefore it is likely smoothed by the meridional averaging. More intriguing is the
timing of the decay phase. The traffic jam theory explains the onset mechanism for a block, yet it
does not provide insight for its demise other than a prescribed damping time scale (representing
the mixing of QGPV). It remains to be seen whether the theory may be used to predict the decay
and persistence of the block.

Figure D2 shows a similar analysis for the 399 events with shorter persistence (4-6 days). The
overall budget evolution is similar to the more persistent events in Fig. 7, but the separation of
the growth and decay phases is much shorter, and the zonal flux convergence and divergence form
straight diagonal stripes (Figs. D2a,b). Although the growth phase is characterized by a positive
influx of wave-activity from upstream, the decay phase is characterized by a negative (westward)

dispersal of wave-activity mainly due to the nonlinear flux (Figs. D2g,i).

d. 2D-composite lifecycle of wave-activity blocks

Since atmospheric blocks involve meridional diversion of the jet stream and transient eddy, the
1D analysis at the centroid latitude does not capture the full details of block’s lifecycle. Here we
focus on the 2-dimensional view of the LWA budget evolution during the growth and decay phases
of the wave-activity blocks.

Figure 8 shows the 2D composite lifecycle of those wave-activity blocks which persist for at
least 7 days. The growth (decay) of wave amplitude is captured by the positive (negative) sign of
the LWA tendency (column a). Even though the LWA tendency is localized to the vicinity of the
block’s center, the three flux convergence terms along with the residual (columns b-e) have either

a quadrupolar or a dipolar structure at the periphery of the block with the strongest magnitudes on
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2D LWA budget for wave-activity blocks with persistence = 7 days
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Fic. 8. 2D composite lifecycle of wave-activity blocks with persistence > 7 days shown by the vertically
averaged transient LWA budget. Each of the budget terms in Eq. (2a) is shown in columns (a) through (e) and
each row shows their time evolution from day —6 to day +6 at an interval of 3 days. Sum of (b)-(e) equals (a). The
composite is obtained from a sample of 72 events and centered on the location of the peak LWA on day 0. The
regions with black dots indicate statistically significant values outside a confidence interval of 15— 85 percentile

estimated from 5000 bootstrap samples. The yellow contours encircle the region where A cos¢ > A cos ¢.

the poleward side. This is related to the fact that both the jet and eddies are deflected northward
around the block. [Also note that the peak geopotential height anomaly is situated to the north of
the wave-activity block (Fig. 4b).]

Consistent with Fig. 7a, during the growth phase (day -3), the positive tendency near the center
of the block is largely attributable to the zonal flux convergence (Figs. 8a,b). However the zonal
flux convergence extends to the northeast of the block, where it is balanced by the surface injection
and the residual (Figs. 8b,d,e). There are also bands of zonal flux divergence to the northwest and

southeast sides of the block, which are evenly balanced by the other budget terms (Figs. 8b-e.)
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During the mature phase (day 0), the budget terms are all small at the center of the block but a
strong quadrupolar structure appears in the zonal flux convergence (Fig. 8b), which is balanced
by the other three budget terms to a varying degree. Both the meridional flux convergence and
the surface injection, though small at the center, are significant to the north (Fig. 8c,d), whereas
the residual is weakly positive to the northwest and southeast of the block’s center and strongly
negative to the northeast and southwest (Fig. 8e). The overall structure of the budget terms
remains similar into the decay stage (day +3), but the diminished zonal flux convergence makes
the LWA tendency negative on the east side of the block (Fig. 8a,b.)

Figure 8 paints a significantly more complex picture than the 1D traffic jam model due to the
meridional deflection of eddies by a meandering jet around the block (see Polster and Wirth 2023
for a related discussion). Through the maturation phase, the surface injection is positive (negative)
to the northwest (northeast) of the block where the near surface meridional flux of potential
temperature is positive (negative) (Fig. 8d). There is also a hint of nonconservative sources of
LWA to northwest and southeast of the block (Fig. 8e), presumably due to diabatic effects (Neal
et al. 2022), although overall negative values of the residual (damping due to mixing of QGPV)
dominate. These local sources and sinks of column-mean LWA is balanced by the horizontal
convergence/divergence of the LWA flux around the block.

A more detailed view of the horizontal flux of LWA and the zonal flux convergence is shown
in Fig. 9. The vectors represent the flux (F’, F q,b) in column (a), its linear part (Fj + Fj}, F, 4’5) in
column (b) and the nonlinear eddy-induced part (F;,0) in column (c). Here the prime denotes
transient eddies, i.e. 4-day low-pass time filtered fields with the seasonal-mean removed. These
vectors may be thought of as the effective group velocity (¢;) of the Rossby waves multiplied by
LWA, where the linear flux vectors indicate eastward transmission of a Rossby wave packet by the
Doppler-shifted zonal group velocity (1o +cy, ng;) and the nonlinear flux vectors indicate its relative
westward Doppler shift due to eddy-induced winds. The color indicates the corresponding zonal
flux convergence (the meridional flux convergence is relatively small and not included).

From the onset phase (row 1 in Fig. 9) to the mature phase (row 2), both the eastward linear fluxes
and the westward nonlinear flux grow, but they occupy different areas of the block. The linear
fluxes dominate in the region slightly north of the centroid, whereas the nonlinear flux dominates

in the region slightly south of the centroid. As a result, the sum of the two fluxes produces a
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Decomposition of zonal flux convergence and flux vectors
for wave-activity blocks with persistence = 7 days
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FiG. 9. Same as Fig. 8 but for the 2D composite lifecycle of (a) zonal LWA flux convergence (colors) and
horizontal wave-activity flux vectors (F", F :b) and its decomposition into (b) linear and (c) nonlinear components
for wave-activity blocks with persistence > 7 days.The composite is obtained from a sample of 72 events, where
each column shows their evolution from day —4 to day +4. The regions with white dots indicate statistically
significant flux convergence values outside a confidence interval of 15— 85 percentile and the black vectors
indicate statistically significant flux values outside a confidence interval of 25 —75 percentile estimated from

5000 bootstrap samples. The yellow contours encircle the region where A cos¢ > A, cos ¢.

clockwise circulation of LWA around the center of block (Fig. 9a), effectively suppressing the net
eastward movement of the entire block. During the decay phase (row 3 in Fig. 9), both linear and
nonlinear fluxes weaken, but the linear fluxes surpass the nonlinear flux in the northeast corner of
the block, whereas the nonlinear flux surpasses the linear flux in the southwest corner. Either way

LWA is drawn out of the block, and this leads to its decay.
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In summary, the 2D analysis reveals a circulation of LWA inside the block, which is inaccessible

with the meridionally averaged 1D analysis. In particular, the meridionally staggered placement of

the eastward linear fluxes and the westward nonlinear flux leads to a rotational flux of LWA around

the block, consistent with the sign of the QGPV anomaly.

5. Concluding remarks

It is well known that there is vast diversity in morphology, geographical locations, size and

persistence of atmospheric blocking (Woollings et al. 2018, Lupo 2021). The present study

aims at extracting common dynamical processes that define blocking lifecycle through the lens of

local wave-activity budget. We have developed a feature tracking algorithm to detect persistent

(= 4 days) anomalous Rossby wave events in the NH winter and analyzed their composites of

wave-activity budget. The main findings are summarized as follows:

1.

All persistent events identified by large values of LWA (wave-activity blocks) exhibit typi-
cal properties of an atmospheric block such as anomalies in geopotential height, poleward

diversion of the jet stream and local wind reversal (Fig. 4).

. The wave-activity blocks are found in two predominant clusters - the North Atlantic and

North Pacific clusters. The majority of the blocks is anticyclonic, although a small cluster of
cyclonic blocks is found over the east coast of Eurasia. The frequency of blocks is highest in

the Euro-Atlantic sector (Fig. 5).

. Blocks are preferentially formed in the vicinity of large stationary LWA (Figs. 5b, ¢). These

are also the regions where wave activity and zonal wind covary negatively, underscoring the

importance of eddy-flow interaction for the block formation (Fig. 6a).

. Blocks are found to be collocated with regions of lower ‘carrying capacity’ for transient

eddies, broadly consistent with the traffic jam mechanism of NH18 (Figs. 6b, c).

. The composite lifecycle of long-lived blocks reveals that the zonal flux convergence of LWA

dominates the LWA tendency during the growth and decay phases. The meridional eddy
momentum flux divergence plays little net effect. During the mature phase, the positive
(negative) surface injection of LWA in the upstream (downstream) region is balanced by the

zonal flux convergence of the opposite sign in the respective region. While the residual of the
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budget is broadly negative inside the block, suggesting a loss of LWA through mixing, there is
also a hint of diabatic LWA source in the upstream of the block during the onset (Figs. 7a-e).
Although the tendency of LWA has greatest signal around the center of the block, the budget
terms have large (and compensating) values at the periphery during the lifecycle due to the

meridional diversion of the jet stream and eddies around the block (Fig. 8).

6. In the composite lifecycle, the zonal flux is controlled by two competing processes, (i)
downstream transmission of Rossby waves Doppler-shifted by the background jet and (i1)
upstream advection by eddy-induced wind. At the peak of the block, the waves are primarily
stalled by the latter (Figs. 7a,h,i). However, the compensation of the two does not necessarily

occur at the same locations, leading to a rotational flux of LWA within the block (Fig. 9).

Despite substantial variation among individual events, the composite analysis suggests that on
average the wave-activity blocks may be understood by the traffic jam mechanism. The conceptual
1D traffic jam model explains why large-amplitude waves get blocked while small-amplitude waves
do not and why there are some preferential locations for block formation (NH18).

While the emergent conceptual picture is fairly simple, there are some limitations within the
theory that is worth recognizing. First, the LWA framework does not inform about the source of
zonal influx. In fact, various factors could trigger an increase in the flux upstream which may
eventually lead to a spontaneous block formation. This includes diabatic heating (Tilly et al. 2008;
Steinfeld et al. 2020; Neal et al. 2022), stratospheric forcing (Woollings et al. 2010a; Li et al. 2024)
and disturbances from the tropics (Henderson et al. 2016; Gollan and Greatbatch 2017). Second,
the theory is based on the budget of vertically-averaged LWA and assumes that the dynamics is
barotropic. Although the low-frequency circulation of the NH winter contains a large barotropic
component (Blackmon et al. 1977 section 8a), there is significant 3D structure associated with
blocks and their precursors (Nabizadeh et al. 2021, Martineau et al. 2022). We suspect that this
is one of the reasons why there is large scatter in the column-mean flux of LWA about its mean
(Fig. Bla). For the same reason, any given blocking event may show deviations from the idealized
barotropic traffic jam mechanism.

Nevertheless, to the extent that the statistics of blocks are concerned, it is hoped that the theory
can be used to make a probabilistic estimate of the long-term changes in the blocking statistics

by predicting the changes in the carrying capacity over intraseasonal timescales (Liu and Wang
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2024) or under climate change scenarios as has been demonstrated by Paradise et al. (2019) in a toy
model. The theory can also be used to improve our understanding of the dynamical link between
blocking biases and mean-state biases in climate models (Scaife et al. 2010; Vial and Osborn 2012;
Davini and D’Andrea 2016; Polster and Wirth 2023). Meanwhile, we still do not have a viable
theory for the duration/persistence of blocking. Future work will address these issues using global

climate simulations and idealized GCM experiments.
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Fic. Al. Partitioning of Fig. 1b into contributions from (a) linear and (b) nonlinear fluxes using Eqgs. (2b)

and (3a).
APPENDIX A

Linear and nonlinear flux contributions to the LWA tendency variance budget

Corresponding to Fig. 1b, the covariance between LWA tendency and zonal flux convergence
term is decomposed into linear (Fig. Ala) and nonlinear components (Fig. Alb) computed as
Cov (3{’, —Ox (F| + F3’)) and Cov(ﬂ’, —6xFé), respectively, where the Cov(---) function is defined
in Eq (3c). The linear covariance is predominantly positive and pronounced over the exit region
of the both North Pacific and North Atlantic storm tracks, whereas the nonlinear covariance term
is predominantly negative except near the east coast of Eurasia. Coincidentally, the latter also
coincides with the region dominated by cyclonic blocks (see Fig. 5a). Since the convergence of the
zonal fluxes promotes downstream transmission of wave packets, the positive values in Fig. Ala
indicate that LWA tendency largely reflects the downstream transmission of the waves. Whereas
the negative values in Fig. A1b indicate that the convergence of the nonlinear flux acts as a brake

to the downstream transmission.
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DJF LWA statistics (1979-2022)
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Fic. B1. Daily LWA statistics captured by (a) quartile plot showing the relationship between column-mean
zonal LWA flux and column-mean LWA and (b) histogram of daily-averaged LWA values between 30-60°N. The
solid red line in (a) and (b) indicates the threshold value, A.cos¢ = 65 m s~! and the dashed cyan line in (b)
indicates 85th percentile of LWA. Data is from ERAS reanalysis between 1979-2022 during DJF for 30-60°N

latitude and all longitudes.

APPENDIX B

LWA statistical analysis

B1. Determination of LWA threshold

The threshold LWA value, A.cos¢, is determined empirically by observing the nonlinear
relationship between zonal LWA-flux (F) and LWA (A cos ¢) during DJF for all years between
1979-2022. To achieve this we make a quartile plot where F; values are binned over A cos ¢
values at an interval of 10 m s~! between 30-60°N (Fig. Bla). Despite a significant spread in
the wave-activity flux, the inter-quartile range of F; (light blue boxes in Fig. Bla) follows an
approximate quadratic relationship with A cos ¢ as theorized by NH18 [see Eq. (6b in) the main

text]. The LWA threshold is found to be approximately 65 m s~! where the binned median value of
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(a) Latitudinal distribution of persistent events (> 4 days)
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Fic. B2. Wave-activity block statistics of cyclonic and anticyclonic events captured by their (a) latitudinal
distribution (b) histogram as a function of persistence and (c) quartile plot showing the relationship between
LWA and persistence. The smooth curves in panel (a) are kernel density estimates of the respective histograms
as computed by the python seaborn library. Data is from ERAS reanalysis between 1979-2022 during DJF for

all latitude and longitudes.

F, has a maxima (see red line in Fig. Bla). This chosen threshold value also happens to be the 85th
percentile of total LWA as seen in Fig. B1b. Note the positive skew in the LWA distribution, which
arises primarily from the nonlinearity associated with eddy-flow interaction (Valva and Nakamura

2021).

B2. Characteristics of cyclonic/anticyclonic wave-activity blocks

We summarize here some additional statistics of the persistent events identified from the tracking

algorithm.
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Figure B2a shows the latitudinal distribution of the wave-activity blocks for all longitudes
and all persistence length. Overall, the cyclonic (red) events are fewer in number but tend to
maximize poleward of the anticyclonic (blue) ones. The result is consistent with Thorncroft
et al. (1993) who show that cyclonic wave breaking occurs preferentially on the poleward side of
the jet and anticyclonic wave breaking occurs preferentially on the equatorward side of the jet.
Figure B2b shows the histogram of blocking persistence for both cyclonic and anticyclonic events.
The number of blocks decay exponentially with increase in persistence. Figure B2c shows the
relationsip between LWA and persistence length for both cyclonic and anticyclonic blocks. There
is a discernible trend that greater wave-activity leads to longer persistence. In addition, anticyclonic
blocks tend to persist longer than the cyclonic ones. The complete latitude-longitude distribution

of cyclonic and anticyclonic events is shown in Fig. 5a.

APPENDIX C

Estimation of carrying capacity

Figure C1 shows the expansion of the carrying capacity F, [see Eq. (8)] into three contributing
terms: Fc,, Fc, and Fc,. Since we use the zonally averaged values of ug+ ciﬁ and «, F¢, in Fig.
Cla is zonally uniform. It largely reflects the speed of the zonal jet, which maximizes in the
subtropics. The zonal variation in F¢ arises from the stationary LWA, Ay(4, ¢) cos ¢ (Figs. Clb,
¢). In particular, the decelerating effect of Ay on the zonal wind appears strongly in the negative
values of F¢, (Fig. Clc.) As aresult, the carrying capacity is large where the jet is fast and small
where Apcos ¢ is large (Fig. Cld.) Blocking frequency tends to be high at locations where the

carrying capacity is small (Figs. 6b, c.) .
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s« which is the same as Fig. 6b. The circles show the spatial distribution of wave-activity blocks.
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Composite of blocked events with persistence 4-6 days
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Fic. D1. Same as Fig. 4 but for the 399 events with persistence between 4-6 days. See the main text for details.

69 APPENDIX D

604 Composite lifecycle of short-lived events

os  Here we repeat the analyses of Figs. 4 and 7 for short-lived wave-activity blocks (persistence:

s 4-0 days).
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Hovmoller plot of wave-activity blocks with persistence 4-6 days
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Fic. D2. Same as Fig. 7 but for the 399 events with persistence between 4-6 days. See the main text for details.
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