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Abstract.

Atmospheric blocking often triggers extreme events and remains difficult for weather and climate models to represent due
to the complex multi-scale processes in its lifecycle. While recent studies highlight the importance of latent heat release
in building and maintaining the upper-level anticyclonic anomaly, different perspectives assign varying roles to dry and moist
dynamics, and it is still unclear whether their relative roles differ across regions where blocking occurs. This study uses a quasi-
Lagrangian potential vorticity (PV) framework applied to ERAS (1979-2021) to investigate blocking in the North Atlantic-
European sector from the perspective of four large-scale blocked weather regimes. We track negative upper-tropospheric PV
anomalies (PVAs™) around blocked regime onset and quantify the processes governing their amplitude changes to assess
the roles of dry and moist dynamics. Most PVAs™ linked to blocked regime onset are not formed in situ but follow two main
pathways, arriving either from upstream or from downstream. PVAs ™ intensify in the days before onset, with moist, divergence-
related PV tendencies associated with warm conveyor belt activity and baroclinic PV tendencies contributing strongly to their
amplification, independent of blocked regime type or pathway. The position of PVAs™ relative to storm tracks determines the
strength of the moist contribution, with moist processes exerting a greater influence within the midlatitude storm track over the
North Atlantic. Consequently, the magnitude of PVA™ amplification depends more on whether a PVA™ arrives from upstream
or downstream, since the pathway controls the timing, location, and strength of the moist-dynamical processes acting on it, than
on the blocked regime type it eventually contributes to. This study highlights the synoptic-scale moist-dynamical evolution of
PVAs™ associated with different types of blocked regimes from a quasi-Lagrangian perspective. Complementing the quasi-
Lagrangian analysis with previous insights from a Eulerian perspective provides a coherent view of blocked regime evolution,
linking the remote moist amplification of PVAs™ with the local formation of the regime pattern by anomaly re-arrangement,
which is dominated by dry, quasi-barotropic dynamics. Given the key role of moist processes in PVA™ amplification and the
systematic biases of blocking in weather and climate models, our results emphasize the need for better representation of moist

baroclinic eddies and scale interactions, from cloud microphysics to the synoptic scale.
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1 Introduction

Atmospheric blocking is a large-scale, persistent circulation pattern characterized by a quasi-stationary high-pressure system
that disrupts the westerly flow in midlatitudes (Rex, 1950) and is often linked to prolonged periods of anomalous weather
conditions such as heatwaves, cold spells, or droughts (see review article by Kautz et al., 2022). While numerical weather
prediction (NWP) models have made significant progress in recent decades (e.g., Davini and D’ Andrea, 2016), accurately
predicting blocking events still remains challenging due to its non-linear and chaotic nature (Ferranti et al., 2015). Variations
in blocking characteristics across regions, particularly between the North Atlantic and Pacific sectors, influence regional
predictability and impact numerical weather prediction and climate projections. Especially in the North Atlantic-European
sector, many climate models underestimate the frequency and duration of blocking (e.g., Quinting and Vitart, 2019; Woollings
et al., 2018; Davini and D’ Andrea, 2016; Maddison et al., 2024).

Understanding the development of blocking patterns is key to improving predictions of blocking events. Existing theories
on blocking focus on (i) large-scale wave dynamics (Austin, 1980), (ii) the role of topography in the initiation of blocking
on the planetary scale (e.g., Grose and Hoskins, 1979), (iii) wave resonance to a given forcing (e.g., Petoukhov et al., 2013),
(iv) the impact of tropical heating (e.g., Henderson et al., 2016), (v) the formation of atmospheric "traffic jams" in terms of
wave-activity concepts (e.g., Nakamura and Huang, 2018; Polster and Wirth, 2023), (vi) the effect of transient activity such
as upstream cyclones (e.g., Nakamura and Wallace, 1990, 1993), (vii) the absorption of eddies by a block as maintenance
mechanism (e.g., Shutts, 1983; Yamazaki and Itoh, 2009; Suitters et al., 2023), (viii) the non-linear interaction and feedbacks
between small-scale eddies with a block (e.g., Luo et al., 2014), and (ix) the effect of diabatic processes in modifying the
upper-level flow in the troposphere (e.g., Pfahl et al., 2015; Steinfeld and Pfahl, 2019; Lubis et al., 2025). The effect of
moist-diabatic processes received much attention in recent years, which often focuses on warm conveyor belts (WCBs), i.e.,
the rapidly ascending airstreams in the vicinity of extratropical cyclones. From a Lagrangian air-parcel perspective, previous
studies highlighted moist dynamics as first-order importance for the onset and maintenance of atmospheric blocking (Wernli,
1997; Madonna et al., 2014; Pfahl et al., 2015). Numerical studies support this hypothesis, showing that omitting latent heat
release in “dry simulations” weakens or suppresses blocking and can fundamentally alter its characteristics (Steinfeld et al.,
2020; Deshmukh et al., 2025). Blocking is a complex, non-linear scale-interaction phenomenon involving interactions across
scales and both dry and moist processes, and despite progress in recent years, a comprehensive understanding of its life-cycle
dynamics remains elusive.

Given regional differences in blocking predictability, recent studies have quantified how blocking occurrences and dynamics
vary by location. Distinct onset mechanisms are observed over the Atlantic, Europe, Asia, and the Pacific, which are linked
to different frequency bands of atmospheric flow (Miller and Wang, 2022), with Pacific blocks influenced by intermediate-
frequency processes and Atlantic and European blocks dominated by low- and high-frequency processes, respectively. Baroclinic
energy conversion is particularly efficient for blocks over the Bering Sea and near Greenland, but less important for blocks over
the Eastern Atlantic (Martineau et al., 2022). The contribution of diabatic heating to blocking formation and maintenance is

pattern-dependent (Liu and Wang, 2025) and further varies with region and season (Steinfeld and Pfahl, 2019; Drouard et al.,
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Figure 1. (a) Subregions for blocking in the North Atlantic—European sector obtained from a weather regime perspective. The solid,
closed contour lines mark the areas of the anticyclonic PV anomaly associated with the blocked regime patterns: Atlantic Ridge (gold),
European Blocking (yellow-green), Scandinavian Blocking (dark green), and Greenland Blocking (blue). (b) Schematic of the quasi-
Lagrangian potential vorticity framework (Hauser et al., 2023, 2024b). Upper-troposphere level: Exemplary track (black dashed) of negative
PV anomalies (blue shading, PVA ), including splitting and merging of existing anomalies; impact of divergent outflow near the tropopause
(DIV, dark-red arrows); and wind fields induced by upper-tropospheric PV anomalies (dark-blue arrows). 500 hPa level: absolute geopotential
height (Z500; black), Z500 anomalies (Z500°; grey; solid for positive, dashed for negative), contour of the anticyclonic anomaly as in panel
(a) (green), and wind fields linked to barotropic phase-propagation tendencies (UP, blue arrows). Surface: temperature wave (solid black
line), influence of wind fields linked to low-level PV anomalies on higher levels (LOW, gold arrows), symbolic low-pressure system (L) with
cold (blue) and warm (red) fronts, and a warm-conveyor-belt airstream (dark-red arrow) with diabatic heating in the mid-troposphere (grey

cloud).

blocks are generally dominated by dry dynamics, and delayed latent heat signals in Arctic and European blocks indicate
upstream diabatic heating days before onset (Steinfeld and Pfahl, 2019). Very long-lived blocks occur mostly in high latitudes
over Greenland and the North Pacific and are favoured by cyclonic Rossby wave breaking and maintained by transient local

mechanisms upstream (Drouard et al., 2021). These results provide a first assessment of regional differences in blocking
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dynamics, highlighting the need to further re ne spatial scales to understand why blocking in the North Atlantic-European
domain remains challenging for weather and climate models.

Different blocking patterns over the North Atlantic—European sector have mainly been examined through large-scale weather
regimes. The year-round regime de nition of Grams et al. (2017), comprising seven regimes, has been widely used to analyse
the predictability (Bleler et al., 2021; Osman et al., 2023) and dynamics (e.g., Hauser et al., 2023; Teubler et al., 2023; Hauser
et al., 2024b; Wandel et al., 2024) of the four different blocked regime types (Figure 1a), namely the Atlantic ridge (AR),
European blocking (EuBL), Scandinavian blocking (ScBL), and Greenland blocking (GL). EuBL and ScBL exhibit the lowest
forecast skill, while GL shows comparatively high skill (Bueler et al., 2021; Osman et al., 2023), consistent with dynamical-
systems-theory evidence that GL features enhanced stability and persistence whereas EuBL and ScBL rank among the lea:
stable regimes (Faranda et al., 2016; Hochman et al., 2021). Forecast performance for EuBL depends on capturing upstrear
WCB activity, underscoring the role of moist dynamics in blocking onset (Wandel et al., 2024), and model biases in WCB
out ow frequency have been linked to the underestimation of winter blocking over the eastern North Atlantic and Europe
(Dolores-Tesillos et al., 2024). From a Eulerian perspective, low-frequency streamfunction-tendency and pattern-projection
analyses revealed the importance of wave trains from the western Atlantic and the absence of Rossby wave breaking ovel
western Europe as precursors to blocking (e.g., Feldstein, 2002; Michel and Riviére, 2011; Drouard and Woollings, 2018).
Building on this, Teubler et al. (2023) applied a PV-based projection framework to the four blocked regimes of Grams et al.
(2017) to diagnose processes that locally reinforce or erode the respective anomaly patterns, highlighting the predominant
in uence of in-situ dry-dynamical processes in the formation of blocked regimes.

In a case study, Hauser et al. (2023) demonstrate that assessing the relative importance of moist processes in blocking
development depends systematically on the diagnostic framework and argue that a combination of complementary perspective:
provides a more holistic understanding of blocking dynamics. The current study employs a quasi-Lagrangian approach, which
arguably provides the most important complementary perspective to a Eulerian approach. Speci cally, we use the quasi-
Lagrangian PV framework introduced in Hauser et al. (2023) (here illustrated schematically in Figure 1b). This framework

tracks negatlve PV anomalies linked to blocl(i,r‘rgereafter referred to as PVAHherebpre\HmﬂgmamﬁeFtammemqaﬁeﬂ

involved PVAs . In addition, the processes governing the amplitude evolution of P\#ks evaluated, enabllng an assessment

of the relative importance of dry and moist processes. The separation into different processes is done by decomposing the tota
change in PV into (i) linear, quasi-barotropic Rossby wave dynamics, (ii) baroclinic interaction, and (iii) divergent out ow.
Hauser et al. (2024b) applied the quasi-Lagrangian framework to systematically investigate GL regime life cycles and showed
that PVAs associated with blocked-regime onset originate primarily upstream and downstream of the blocking region rather
than forming in situ. Their analysis also highlighted the importance of moist processes in the growth of pNésto

blocked regime onset. A synopsis of the dynamics of all four blocked regimes from a quasi-Lagrangian perspective, as a vital
contribution to understanding the processes that initiate and maintain blocking patterns in the North Atlantic-European region,

however, is still missing.
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In this study, the quasi-Lagrangian framework is applied to the four year-round blocked regime types over the North Atlantic-
European region of Grams et al. (2017) for the period 1979 to 2021. With a very similar interpretation of the governing
processes, and considering the same blocked regime types over the same time period, the results of the current study ar
directly comparable to those of Teubler et al. (2023). Building on these results, and on the new insight offered by the quasi-
Lagrangian framework, the current study can thus provide, for the rst time, a more holistic understanding across a large
number of cases by combining two complementary perspectives. With this synopsis, the study addresses the following key

guestions:

Where do PVAs linked to blocked regimes develop (upstream, downstream, locally) and is the propagation of those

PVAs linked to certain regime transitions?

How do processes (dry vs. moist) differ in the evolution of PVAgtween the blocked regimes and possible pathways
of PVAs ?

Is the contribution of moist processes dependent on the location of the Raative to the storm track region?

How can we optimally combine different perspectives to yield a holistic view of the relevance of local versus non-local
effects of processes involved in blocked regime onsets?

The paper is structured as follows: Section 2 describes the datasets and methods used in this study. Section 3 presents tt
results, divided into ve subsections. This is followed by the discussion in Section 4 and concluding remarks in Section 5.

2 Data and methods
2.1 ERAS5 reanalysis dataset

The analyses presented in this study are based on the ERAS5 reanalysis from the European Centre for Medium-Range Weathe
Forecasts (ECMWF) and covers the period 1 January 1979 to 31 December 2021 (Hersbach et al., 2020). We use 3-hourly
model level data provided by ECMWEF for a high-resolution computation of PV anomalies in the upper troposphere (see
Section 2.3) on a 0.5° x 0.5° latitude-longitude grid, and a coarser dataset (1° x 1°) for the PV inversion (Teubler and Riemer,
2021) on 17 pressure levels (1000, 950, 925, 900, 850, 800, 700, 600, 500, 400, 300, 250, 200, 150, 100, 70, and 50 hPa).

2.2 Quasi-Lagrangian potential vorticity framework

The quasi-Lagrangian PV framework, developed by Hauser et al. (2023) and further re ned in Hauser et al. (2024b), identi es
and tracks patches of negative PV anomalies in the upper troposphere and quanti es the contribution of different processes to
their amplitude evolution. This approach builds on the -PV framework for midlatitude Rossby wave packets by Teubler and
Riemer (2016). The central variable is Ertel potential vorticity (PV), de ned by Ertel (1942): q = &f) %p, where g is the

gravitational acceleration, the isentropic relative vorticity, f the Coriolis parameter, the potential temperature, and p the
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Figure 2. Composites of vertically-averaged PV anomalies between 500-150 hPa (shading) and vertically-averaged PV for all time steps
attributed to each of the four blocked regime types (contours, in PVU, from 1.5 to 3.5 PVU in steps of 0.5 PVU). The thick black contour
illustrates the regime mask for the respective regime type, de ned by the -0.3 PVU contour.

pressure. The full framework is documented in detail in Hauser et al. (2024b); here, we brie y summarize the key steps only
to avoid redundancy.
Upper-tropospheric PV anomalies are de ned as the difference between the vertically averaged PV (VAPV) between 150

and 500 hPa and its 30-day centred running-mean climatology (1979-2024}iveP\V-anomalypatchesyeferredio-as

life cyclesof PVAs . The dataset of tracked PVAswithin the chosen ERAS period (1979-2021) is available for the entire

Northern Hemisphere in Hauser et al. (2024a).
To investigate the amplitude evolution of PVAswve employ the piecewise PV tendency framework, which is based on the
PV tendency equation. This equation states that the local change in PV (q) is governed by PV advection and non-conservative

PV modi cation:

@q

at " q+N= (v o+vg, +V

Here, v is the horizontal wind eld v=(u;v;0), r the gradient operator along an isentropic surface, and N the non-

0

up+VI%w +V?es) r g+N: (1)

conservative PV modi cation. The full wind eld v is decomposed using PV inversion (Davis and Emanuel, 1991; Davis,
1992) and Helmholtz Partitioning, which results in the divergent wind €}g vthe wind elds \},, and \j, associated with

upper-tropospheric and lower-tropospheric PV anomalies (non-divergent), the residual wind,geldnd the background



150

155

160

165

170

175

1 is further transformed into an equation for the amplitude evolution of enclosed PV anomalies — analogously to Hauser et al.
(2024b). As a result, the integrated amplitude evolution over the area A(t) of a PV anomaly feature reads as

2 3
Z Z Z Z Z
d 0 X 9 0 0 idA L 0 0 0 i
P qdA= V; rq odA hv{ rg oidAS+ q(r v gy)dA hd’(r V gy )idA
i
A(t) | At) {é(t) ) /T(t) {/;(t) )
7 7 i | DIV giv
+ NdA NodA+  o¥vs V)dS ; ()
() A(t) ®
1 Z VI A
NONCONS Bnd

with i referring to diy up, low and res wind elds (cf. Equation 1), S(t) as the boundary of A(t}, the motion of the
boundary S(t) and the climatological background Py/\ehich is constructed the same way as Vhe terms enclosed by the
mean operator <> refer to 30-day centred averages of a given term between 1980-2019 for each calendar day. Taking intc
account these terms, we can quantify the contributions of different processes to the change in background PV (Hauser et al.
2024b, their Appendix A). Equations 1 and 2 are evaluated on isentropic surfaces ranging from 315K to 355K in steps of 5K.
Following the approach of Teubler et al. (2023) and Hauser et al. (2024b), we compute an isentropic average by including the
surfaces 5K around the central level. For the year-round analysis of PVABe selection of the representative isentropic
level is crucial. Therefore, we adopt the seasonally varying levels recommended by Ro&thlisberger et al. (2018): 320K for
December to March, 325K for April and November, 330K for May and October, 335K for June and September, and 340K
for July and August.

The physical meaning of each term in Equation 2 is explained below and schematically shown in Figure 1b. The term
UP refers to upper-tropospheric (quasi-)barotropic dynamics and describes the advection of upper-level background PV by
the wind eld associated with upper-tropospheric PV anomalies (e.g., Hoskins et al., 1985, Section 6a). This describes the
intrinsic propagation mechanism of Rossby waves and amplitude changes due to group propagation (blue arrows in Figure 1b).
The term LOW captures baroclinic interaction, namely the amplitude modi cation of upper-level PV anomalies by the wind

eld associated with low-level PV anomalies (gold arrows in Figure-Hap#-eontributes therebycontributingto baroclinic

growthwhile belngrargetyconstaereamary-ayham Proeessa aepenas $

______ -and lower-leveltemperaturavave{e-g--Heskins-etat;1985; Sectien-6b)

—anomaliesare suitably phased(e.g., Hoskins et al., 1985, Section 6BJoist _processesgnay strengtherthe low-level PV

Numerical and inherent inaccuracies in piecewise PV inversion lead to a residual wind eld, which is usually small. The
advection of background PV by this residual ow is captured by the term RES. While it lacks physical interpretability (Teubler
and Riemer, 2016), it is included for budget closure in the PV tendency equation. Two terms describe the impact of divergent
winds on the amplitude evolution of PV anomalies: (1) DJy, represents the advection of background PV by the divergent

wind eld and (2) DIV gy accounts for divergence or convergence within the PV anomaly itself, which leads to its growth
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divergenceis more sensitiveto proxiesof latentheatreleasethanto proxiesof dry,

term NONCONS represents direct diabatic modi cation of B\ete-by non-conservative processes such as latent heating,

radiative effects, friction, and turbulent mixing (e.g., Chagnon et al., 2348)ever this-term—exeepiofradiative PV

basedon Year of Tropical Convection(YOTC) data(e.g., Moncrieff et al., 2012)do._not indicate such.cancellationto_be

The nal term on the right-hand side of Equation 2 is the boundary term Bnd, that is estimated as follows:

z Z
Bnd = r (vq 9dA <r(vqg %>dA+ @ A (3)
A() At)
with g as the average of glong the boundary S(t) and A as the observed area change of the PV anomaly. The rst two terms
of Bnd describe the contribution to amplitude change caused by eddy ux divergence or convergence within the anomaly area.
The last term estimates the change in amplitude by the change in anomaly area between two consecutive time steps and ca
reach high values in case giftting-splitting and merging of different anomaly features. For more details on Bnd, the reader is

referred to Appendix B of Hauser et al. (2024b).
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Figure 3. Monthly distribution of the absolute number of regime life cycles for the two identi ed pathways for each of the four blocked
regimes. The retrogression pathway is shown with a solid line, and the upstream pathway with a dashed line.

We refer to the diagnosed amplitude change (DIAG) as the sum of all terms in Equation 2: DIAG = UP + LOW;#+ BIV
DIV 4qv + RES + Bnd. DIAG is compared to the observed amplitude change (OBS), which is de ned as the forward difference
in the area-integrated PV anomaly amplitude between two time steps. Following Hauser et al. (2024b), we exclude time steps
where the deviation between DIAG and OBS is large, as this indicates that the PV fndigej-fails to accurately capture the

indicates an ampli cation of PVAs, while a negative value indicates a weakening.
2.3 Year-round de nition of North Atlantic-European weather regimes

In this study, we use the year-round weather regime de nition for the North Atlantic—European region developed by Grams et al.
(2017) and apply it to ERAS reanalysis data to distinguish between different blocking con gurations in this fegietailed

To de ne the regimes, 6-hourly geopotential height anomalies at 500 hPa (Z500) are calculated using a 90-day centred running-
mean climatology (1979-2019) and then Itered with a 10-day low-pass Lanczos Iter (Duchon, 1979). After normalizing the
anomalies, we perform an empirical orthogonal function (EOF) analysis over the North Atlantic—European domain (80°W-
40°E, 30°-90°N). The seven leading EOFs, which describe 74.4 % of the total variance, are retained to construct an expandec
phase space. A k-means clustering is then applied in this phase space, yielding an optimal number of seven clusters, whict
correspond to seven distinct weather regimes: Three cyclonic regimes (Zonal regime — ZO, Scandinavian trough — ScTr,
Atlantic trough — AT) and four anticyclonic regimes (Atlantic ridge — AR, European blocking — EuBL, Scandinavian blocking

— ScBL, Greenland blocking — GL). To assign individual time steps to these regimes, we use the weather regimgdhdex (I
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proposed by Michel and Riviere (2011) and Grams et al. (2017), which quanti es the similarity between a given instantaneous
Z500 eld attime t and each of the seven weather regimes (WR):

Pwr () Pwr
R (= §—p \;,VTR() WR (4)
& w1 [Pwr(®) Pwr]?
with
. (e Lo (:)cos'
Pur (= (O p ;) we(G) 5)

(2e0F  COS’
Pwr (t) describes the projection of the Itered anomaly- (t; ;') to the EOF cluster mean (") within the EOF

domain. NT is the total number of time steps within the climatological sample (1979-2019) and the respective longitude/latitude
within the EOF domain is noted as ( ;').Pwr describes the climatological mean of the projectigpsP As a result, jyr is
computed as the deviation of (t) from Pyg , normalized by the standard deviation. This inde)g,Ican also be computed
beyond the climatological sample—i.e., for each of the seven regimes and every 3-hourly time step throughout the full ERA5
period considered (1979-2021). Following Grams et al. (2017), we derive objective regime life cycles, associated life cycle
stages (onset, mature stage, decay) and regime transitions — all based ggr the detailed description on the algorithms

From January 1979 to December 2021, we identi ed a total of 177 life cycles for AR, 183 for EuBL, 192 for ScBL, and
177 for GL. Figure 2 presents the four blocked regime patterns as year-round mean composites based on upper-tropospheri
PV anomalies and calculated over all time steps within the respective life cycles of each blocked regime. All four regimes are
characterized by a dominant negative PV anomaly that de nes the block; however, the location of this anomaly varies across
regimes. For AR, the negative PV anomaly spans the largest area and is centred south of Iceland (Figure 2a). A comparisor
between EuBL and ScBL highlights the need to re ne the classical four-regime blocking framework (e.g., Vautard, 1990;
Michelangeli et al., 1995) by distinguishing these two as separate sub-regimes due to their markedly different spatial structures.
EuBL exhibits a pronounced positive PV anomaly over Greenland and displays features indicative of anticyclonic Rossby wave
breaking over Europe (Figure 2b). In contrast, ScBL is associated with a high-latitude block anked by a strong positive PV
anomaly over the eastern North Atlantic, and shows signs of cyclonic Rossby wave breaking extending toward Greenland
(Figure 2c). For GL, the block is associated with a more isolated negative PV anomaly centred over the Labrador Sea (Figure
2d).

2.4 Eulerian identi cation of warm conveyor belts

This work utilizes the EulLerian Identi cation of ascending AirStreams (ELIAS 2.0) data set of Quinting and Grams (2022).
ELIAS 2.0 uses convolutional neural networks (CNNSs) to identify the footprints of three WCB stages, which have been de ned
from a Lagrangian perspective based on the location of air parcels that classify as WCB ( p > 600hPa for t 48 hours;
Madonna et al., 2014): (i) inow (p 800hPa), (2) ascent (800hPa p 400hPa), and (3) out ow (p 400hPa). A step-

wise forward selection approach has been applied to identify the ve most important meteorological predictors (Quinting and

10



Figure 4. Mean composites (shading) of onset PV&equency for the two different pathways (orange colours for retrogression pathway,
violet colours for upstream pathway) at t = -72 h before blocked regime onset for the four blocked regimes. The shading represents the onset
PVA frequency within each respective pathway subset. The data is smoothed by taking into account the time steps +/- 6 hours around t =
-72h and using a Gaussian lter with = Zsrey-Black contours show the total onset PVArequency, independent of pathway (0.1 to 0.4

in increments of 0.03). Coloured closed contours mark the regime masks (same as in Figa#eR2Solid black vertical and horizontal

lines indicate the centre of mass position of the regime mask, which is used to separate the two pathways.

Grams, 2021). The training has been performed on 6-hourly ERA-Interim data (Dee et al., 2011) and applied to 3-hourly ERA5

data. The CNN gives conditional probabilities of WCB stage occurrences as output. This is transformed into a binary WCB

occurrence given a seasonal-dependent and grid-point-dependent decision threshold, optimized to minimize the climatological

bias and maximize the correlation coef cient in the midlatitude storm-track regions, where WCBs occur most frequently
265 (Madonna et al., 2014).

3 Results

3.1 Pathways of PVAs to blocked regime onset

The negative upper-level PV anomaly linked to blocked regime onset over Greenland does not develop in-situ but propagate via
different pathways towards Greenland (Hauser et al., 2024b). Consisteritigitieseresults, we distinguish two pathways
270 based on whether the anomaly emerges upstream or downstream of the blocking region and examine if these pathways als

11
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Figure 5. (a) Life cycle transition frequency (%) for all transitions into the blocked regimes (y-axis) from one of the seven regimes or the no

eompariserto-all.

exist in theremainingotherthree blocked regimes. First, we de ne the area where to expect the anticyclonic anomaly during
the blocked regimes by the 0.3 PVU-contour in the year-round composite (Figure 2). Using the traced Rd¥&tsils in
Section 2.2), for every blocked regime life cycle, we determine a so-called onset ®fexhibits the highest spatial overlap
with the respective regime mask around blocked regime onset. To quantify the two pathways, each ongstaR®88ssed for
its dominant position relative to the centre of mass longitude of the regime mask (0.5°E for EuBL, 13.0°E for ScBL, 24.0°W
for AR, and 51.5°W for GL) in the three days before onset.

When split into the two pathways, the majority of onset PVAsllow the upstream pathway: 76.5 % for EuBL, 65.6 %
for ScBL, and 57.1 % for AR. This deviates from the dominant retrogression pathway for GL, where upstream onset PVAs
account for only 42.4%. These ndings are consistent with the climatological storm-track position, characterized by reduced
storm-track activity downstream of Europe and upstream of Greenland. Investigating the seasonal occurrence of the pathways
reveals more differences between the blocked regimes (Figure 3). First, the more continental blocked regime types east of the
North Atlantic (EuBL, ScBL) show a dominance of the upstream pathway mostly independent of the month (Figure 3b, c).
The differences in pathway frequency are less pronounced for AR with a more frequent retrogression pathway in April, May
and December (Figure 3a). The seasonality of the pathways for GL is more complex with the dominant retrogression pathway
only being prevalent in winter and late spring/early summer (Figure 3a).

Figure 4 provides more insights into the position of onset PVAsfore blocked regime onset (grey contour lines). Apart
from AR, onset PVAs are located in the mean outside or at the edge of the blocking region three days before blocked regime
onset, in particular in the southwest quadrant of the regime mask-centred composite (grey contour lines). This highlights the
non-stationary development of PVAdor multiple blocked regimes and extends the previous result found for GL by Hauser
et al. (2024b). Although most GL life cycles are assigned to the retrogression pathway, the maximum in onsiegwancy

12



295

300

305

310

315

320

is located southwest of the blocking domain (Figure 4d), suggesting a more con ned pathway of upstream onset PVAs
compared to retrograding onset PVAs

extend over the ocean (Figure 4b,c).

Onset PVAs along the upstream pathways peak outside the regime mask for all blocked regime types, providing clear
evidence that they do not evolve in situ. In contrast, the location of onset Pslomg the retrogression pathway in the days
before blocked regime onset—whether inside, outside, or partially covering the regime mask—depends on the blocked regime
type. For AR, retrograding onset PVAsilready reside very centrally in the regime mask three days before onset (Figure 4a).
The signal of retrograding onset PVA®f EUBL is mixed given the low sample size (cf. Figure 3b), but reveals that PVAs
are distributed both within and outside of the regime mask to its northeast (Figure 4b). For ScBL and GL, most retrograding
onset PVAs are located at the eastern edge of the regime mask for ScBL, and outside, to the east of the mask for GL (Figure
4c,d). This means that, despite sharing the same temporal reference point (blocked regime onset), the timing at which onse
PVAs enter the blocking region differs not only between individual life cycles but also systematically between blocked regime
types. To avoid con ating these differences in timing and evolution in an Eulerian composite framework, a quasi-Lagrangian

perspective is particularly well suited here.
3.2 Link between pathways and regime transitions

About three days before blocked regime onset, certain regions with high onset fP&4uency coincide with the location

of the regime mask associated with another blocked regime type (Figure 4). This raises the broader question of whether the
pathways of onset PVAsare linked to preferred regime transitions. Figure 5a shows the climatological frequency of regime
transitions for each of the four blocked regimes. All four blocked regimes can arise from any regime type, except for GL,
which never transitions from ZO during 1979-2021. The no-regime state is the most frequent origin, accounting for 30-42 %
of transitions to blocked regimes. When the seven regime types are grouped into cyclonic and blocked regime types, GL and
AR most often evolve from other blocked regimes, with transition frequencies of 57 % and 46 %, respectively. After the no-
regime state, the most common transitions are ScBL to GL and EuBL to AR. Interestingly, the second most frequent transition
into EuBL originates from ZO, showing that cyclonic-to-blocked transitions, while not dominant, occur regularly.

the pathways shows that the upstream pathway dominates for blocked regime life cycles that develop from none of the
seven regimd&igure5b;€). This suggests that blocked regimes forming during periods of more transient large-scale ow

are primarily associated with upstream PVASA clear relationship emerges between the pathways and speci ¢ regime
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Figure 6. (a) Composite of amplitude-modifying contributions (left y-axis) to the diagnosed amplitude change of onset (PVAG,

black) for all blocked regime life cycles independent of type, following Equation 2: advection part of the divergent out ow terg, (BIV

Vaiv rq o, light red), divergence part of the divergent out ow term (RiV, q°(r V 4v ), dark red), baroclinic interaction (LOW,qy rq o,

gold), upper-tropospheric wave dynamics (UR,-vrq o, blue), the residual PV tendency term (RESesVrg o, yellow green) and

the boundary term (Boundary, dark violet). The sign of the PV tendencies is de ned such that positive (negative) values always indicate
ampli cation (weakening) of the PVAs. They grey line shows the mean change in onset P\#ea (right y-axis). (b) Mean diagnosed
amplitude change of onset PVAsaround blocked regime onset for the four blocked regimes separately. Note that all curves are smoothed
by taking into account the time steps +/- 12 h.

transitions when considering transitions between blocked regimes. Transitions from blocked regimes whose regime mask is
located downstream of the current regime are predominantly linked to the retrogression pathway. Conversely, when the regime
mask of the previous blocked regime is located upstream, onset Pl to follow the upstream pathway. This relationship

holds for all blocked-to-blocked transitions, except for the climatologically frequent ScBL-to-GL transition, for which both
pathways occur with similar frequency. However, it has been shown that both pathways can occur at the same time, as multiple

PVAs propagate and trigger GL onset, with the onset P\herging with another PVA along the alternative pathway
Teubleretal{(202%Teubler et al., 2023).

Given the connection between pathways and regime transitions, we analyse whether the onsef \#ocked regime
was inherited from the block of the preceding regime. Focusing speci cally on blocked-to-blocked regime transitions (40.2 %
of all cases), for each time step of an active blocked regime, we identi ed the R¥ith the largest overlap with the regime
mask as the 'dominant' PVA. If the onset PVA of a blocked-to-blocked transition coincided with the dominant P\#& the
preceding regime, the two regimes could be connected. We nd that 57 % of blocked regime onsets are linked to the dominant
PVA from the previous block, whenever the onset follows a blocked regime. This indicates that E@A®t necessarily
form independently of the previous blocked regime but are instead displaced or reorganized remnants of the earlier blocking
con guration. Along the retrogression pathway, notable continuity was found for transitions from ScBL to GL (60 %), EuBL to
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Figure 7. Net effect of amplitude evolution (grey bar) and contributing processes (coloured bars, see legend) for three different time periods
(I, ' and 1lI; see x-axis for exact time lag information) and the four blocked regimes, split up into the onset Rd#@ving the (a)

retrogression and (b) upstream pathway.

340 AR (76 %), and AR to GL (92 %). For the upstream pathway, strong linkages of R¥&e observed for EuBL-to-ScBL (77 %)
and AR-to-EuBL (88 %) transitions. However, not all transitions exhibit such continuity. During GL-to-ScBL transitions, the
PVA dominating the onset is unconnected to the preceding GL block in 72 % of cases, which implies that the ScBL block
forms in situ rather than as a continuation of the GL anomaly.

3.3 The role of dry and moist processes for amplitude evolution

345 In this section, we rst take a regime-centred perspective and consider the amplitude evolution of onsetréfdfige to
regime onset, consistent with previous studies of weather regime dynamics (e.g., Teubler et al., 2023). Subsequently, we
switch to an anomaly-centred perspective and consider the evolution relative to the maximum amplitude of onset PVAs

3.3.1 Regime-centred perspective

We start by examining the amplitude evolution of onset PVAsrespective of regime type or pathway (Figure 6B)e

350 curvesshowthediagnosedhangen amplitudeandits contributingterms. From this broad perspective, onset PVasplify

on average in the days before blocked regime onset, with a peak 1-2 days before onset (DIAG, black line). Onset PVAs
still amplify during and after onset, reaching their peak amplitude around 1 day after the onset which is then followed by

a weakening afterwards. This result highlights that onset PVAst only form remotely but also experience much of their

355 diagnosed ampli cation before the onset, pointing to a dominant contribution of moist processes for the build-up of the PVA
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linked to blocked regime onset. After onset, the contribution of fJI\Wveakens but still brings a positive contributitvethe

and positive contribution to the ampli cation of onset PVAswvhich increases even further after onset probably as a result of
coupling between the lower and upper troposphere. Upper-tropospheric, quasi-barotropic wave dynamics (UP, blue) provide
the second most important contribution to a PVAtrengthening within the period -3 to +1 day around the onset and then a
weakening beyond that. The impact of the divergent PV tendency due to the advection of background PV by the divergent wind
(DIV aqv , light red) and the residual PV tendency term (RES, yellow green) are negligibly small and not of any importance for
the mean amplitude evolution.

The full boundary term (Boundary, dark violet) shows a positive contribution until about one day before onset, followed by a
rapid and strong negative contribution that dominates the amplitude weakening afterward. When separated into its components
(cf. Equation 3), the two contributions act in opposite directions before onset (not shown). The eddy PV ux term continuously
weakens the onset PVAamplitude, indicating a net inward PV ux across the anomaly boundary. In contrast, the area-change
term suggests spatial growth or merging of smaller anomalies before onset, contributing to ampli cation. This aligns with the
observed increase in anomaly area (grey line, Figure 6a). After onset, the full boundary term becomes negative as shrinking or
splitting PVAs reduce amplitude. Notably, this sign reversal occurs before the PYéach their maximum size.

Considering the blocked regime types individually (Figure 6b), we nd that for all types the onset PAfaglify in the
days before onset and then start to weaken in the rst two days after regime onset. One difference among the regimes is the

difference between the types, however, is found in the timing of the maximum ampli cation rate: EuBL and AR reach a peak
in the two days before onset, ScBL peaks earlier, and GL shows a relatively at ampli cation without a distinct maximum.

We further stratify by pathway and, given the differences in maximum ampli cation timing, we analyse two periods: -6 to
-3 days (period I) and -3 days to onset (period Il; see vertical dashed line in Figure 6b). Figure 7 provides a compact view on
the net effect of the amplitude change of onset PVasd the respective PV tendency terms, allowing for a concise view of
PV dynamics across regime types, timings, and pathways. First, we nd differences in the timing of maximum ampli cation
rate of onset PVAs depending on the regime type and the pathway. Retrograding Pifiensify most during the earlier
window, whereas in the nal three days before onset their ampli cation is weaker—or comparable, in AR—relative to period
I. By contrast, PVAs following the upstream pathway show their strongest ampli cation in the latter period (Figure 7).

Second, we nd pathway-speci c differences in the contributions of dry and moist processes to the onsetipkcation
and weakening rates. DV is the the major contribution to the ampli cation rate of onset PVAsllowing the upstream
pathway (Figure 7b). Because of its dominant role in the ampli cation of onset PMAg dedicate a chapter that provides

more insights into the patterns and dynamics of [RJV(Section 3.4). The contribution of LOW is throughout positive,

16






