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Abstract. Blocking over Greenland stands out in comparison
to blocking in other regions, as it favors accelerated Green-
land Ice Sheet melting and has substantial impacts on sur-
face weather in adjacent regions, particularly in Europe and
North America. Climate models notoriously underestimate
the frequency of blocking over Greenland in historical pe-
riods, but the reasons for this are not entirely clear, as we
are still lacking a full dynamical understanding of Greenland
blocking from formation through maintenance to decay. This
study investigates the dynamics of blocking life cycles over
Greenland based on ERAS reanalysis data from 1979-2021.
A year-round weather regime definition allows us to identify
Greenland blocking as consistent life cycles with an objective
onset, maximum, and decay stage. By applying a new quasi-
Lagrangian potential vorticity (PV) perspective, following
the negative, upper-tropospheric PV anomalies (PVAs™) as-
sociated with the block, we examine and quantify the contri-
bution from different physical processes, including dry and
moist dynamics, to the evolution of the PVA™ amplitude.
We find that PVAs™ linked to blocking do not form lo-
cally over Greenland but propagate into the region along
two distinct pathways (termed “upstream” and “retrogres-
sion”) during the days before the onset. The development
of PVAs™ differs more between the pathways than between
seasons. Moist processes play a key role in the amplifica-
tion of PVAs™ before the onset and are linked to midlati-
tude warm conveyor belts. Interestingly, we find moist pro-
cesses supporting the westward propagation of retrograding
PVAs™ from Europe, too, previously thought to be a process
dominated by dry-barotropic Rossby wave propagation. Af-
ter onset, moist processes remain the main contribution to

PVA™ amplification and maintenance. However, moist pro-
cesses weaken markedly after the maximum stage, and dry
processes, i.e., barotropic, nonlinear wave dynamics, domi-
nate the decay of the PVAs™ accompanied by a general de-
crease in blocking area. Our results corroborate the impor-
tance of moist processes in the formation and maintenance
of Greenland blocking and suggest that a correct represen-
tation of moist processes might help reduce forecast errors
linked to blocking in numerical weather prediction models
and blocking biases in climate models.

1 Introduction

Atmospheric blocking describes a flow configuration in mid-
and high latitudes with a dominant, stationary, and long-
lived anticyclone (often referred to as “the block™) (e.g., Rex,
1950). It interrupts the usual zonal flow in the upper tro-
posphere and induces a strong meridional flow along the
block’s edges. A persistent blocking pattern can therefore
hinder the eastward progression of synoptic-scale extratrop-
ical weather systems and can trigger extreme weather events
(Kautz et al., 2022). Some of these events in the past in-
clude the European cold spell in winter 2009/2010 (Cattiaux
et al., 2010), the heat wave in eastern Europe and Russia in
summer 2010 (Grumm, 2011), and the North American heat
wave in July 2021 (Oertel et al., 2023).

In the Northern Hemisphere, blocking develops primarily
close to the jet stream’s exit zones (e.g., Woollings et al.,
2018; Lupo, 2021). Despite a large range of identification
methods, the majority of methods agree on the two promi-
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nent hot spots over the eastern North Atlantic and the eastern
North Pacific (Pinheiro et al., 2019). Although blocking over
Greenland takes place less frequently compared to block-
ing over the eastern North Atlantic, it stands out due to its
longevity compared to blocking in other regions in the North-
ern Hemisphere (Drouard et al., 2021). Greenland blocking
is more likely to temporarily shift the westerly flow equa-
torward instead of completely decelerating and blocking it
(Woollings et al., 2008) and is strongly anti-correlated with
the North Atlantic Oscillation (NAO), which represents the
most prominent pattern of climate variability in the extratrop-
ical North Atlantic region (e.g., Wallace and Gutzler, 1981).
The presence of a blocking high-pressure system over Green-
land promotes reduced cloud cover and increased tempera-
tures near the surface, which causes melting of the Greenland
Ice Sheet and consequently contributes to the global rise in
sea surface level (Rowley et al., 2020; Hermann et al., 2020;
Hanna et al., 2021). Details of these impacts depend on the
exact block position relative to Greenland’s topography, the
direction of propagation, the blocked large-scale circulation
pattern, and the time of the year (Barrett et al., 2020; Tedesco
and Fettweis, 2020; Preece et al., 2022; Pettersen et al.,
2022). Furthermore, blocking over Greenland also leads to
impacts beyond the blocking region: Arctic sea ice decline
and Eurasian cold spells (Chen and Luo, 2017), increased
precipitation in the northeast United States (Simonson et al.,
2022), periods of widespread low production of wind and
solar power and high electricity demand (Otero et al., 2022;
Mockert et al., 2023), and increased winds over southwest
Europe with the potential of extreme weather events in this
area (Grams et al., 2017; Hauser et al., 2023a).

As blocking over Greenland can cause far-reaching im-
pacts, it is of high importance to accurately predict its oc-
currence in advance. Despite many model improvements,
current numerical weather prediction models still underes-
timate the frequency of blocking, in particular over the North
Atlantic (Quinting and Vitart, 2019; Davini and D’ Andrea,
2016). Although Greenland blocking has a higher predic-
tion skill compared to blocking over the eastern North At-
lantic and Europe (Biieler et al., 2021; Hochman et al., 2021;
Osman et al., 2023), the reasons for the underestimation of
blocking in climate models for the historical period are not
entirely clear yet. A better understanding of the physical
mechanisms is necessary in order to reduce biases in models
and to improve the representation of blocking and, in partic-
ular, to correctly predict possible changes in blocking over
Greenland in future scenarios (Michel et al., 2021).

The dynamics of atmospheric blocking have been inves-
tigated from different angles, and the review articles of
Woollings et al. (2018) and Lupo (2021) provide good state-
of-the-art synopses on different blocking theories. Only a
few studies explicitly analyze the processes linked to block-
ing over Greenland, and they often discuss the insights in
conjunction with blocking over the North Atlantic (e.g.,
Martineau et al., 2022) or in terms of the negative phase
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of the North Atlantic Oscillation (NAO—) (e.g., Riviere
and Drouard, 2015), which is closely related to blocking
over Greenland (e.g., Woollings et al., 2010). The breaking
of upper-level Rossby waves (further referred to as RWB)
has been found as a formation mechanism for blocking
over Greenland with predominantly cyclonic RWB towards
Greenland (Benedict et al., 2004; Woollings et al., 2008;
Michel and Riviere, 2011). Wave-train signals were found in
the large-scale evolution before Greenland blocking events
(Cheung et al., 2023), and ensemble sensitivities were re-
vealed with high sensitivities to the upper-tropospheric large-
scale pattern on low-frequency scales (Parker et al., 2018).
However, Michel et al. (2021) found that cyclonic RWB
in climate models is not the only mechanism to blocking
over Greenland, suggesting that the formation of Greenland
blocking cannot be explained by dry upper-level wave dy-
namics alone. By investigating the impact of baroclinic en-
ergy conservation to blocking, Martineau et al. (2022) found
that blocks over Greenland belong to the most baroclinic
blocks. Low-level baroclinicity provides favorable condi-
tions for the development of extratropical cyclones, which
were shown to play a role in blocking development and
maintenance (Nakamura and Wallace, 1993; Hwang et al.,
2020). For the Greenland region, in particular, McLeod and
Mote (2015) revealed that (multiple) precursor cyclones were
linked to the intensification of blocking in summer. But
also during autumn and spring, blocks over Greenland show
sensitivities to upstream precursor cyclones and the upper-
level wave pattern (Maddison et al., 2019). Although not ap-
plied to blocking over Greenland explicitly, further theoret-
ical concepts have provided novel insights into the dynam-
ics of blocking (e.g., Shutts, 1983; Yamazaki and Itoh, 2013;
Nakamura and Huang, 2018; Luo et al., 2019). All the stud-
ies mentioned above refer more to dry dynamical processes.
The study of Schwierz (2001) was one of first to investigate
in detail the mutual interaction of the Greenland topography
with the atmospheric flow, and, most notably, they firstly de-
scribed a substantial contribution of cloud-diabatic processes
to the evolution of blocking over the region. Subsequently,
multiple studies unveiled latent heat release in ascending air
streams as a first-order process in establishing the block for
single case studies but later on from a climatological point
of view (e.g., Croci-Maspoli and Davies, 2009; Pfahl et al.,
2015; Steinfeld and Pfahl, 2019). With a particular focus on
Greenland, strong moisture fluxes were found in advance of
extreme blocking by Barrett et al. (2020), indicating an im-
portant role in developing or sustaining blocks in this region.
To link the importance of moist processes to the predictabil-
ity of blocking, Wandel (2022) recently showed that models
systematically underestimate moist processes in the vicin-
ity of Greenland blocks during periods of bad forecast skill,
which raises the question regarding the importance of moist
processes relative to the dry dynamics.

Teubler et al. (2023) presented a first investigation on the
relative importance of dry and moist dynamics in the forma-
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tion of blocking from a local potential vorticity (PV) perspec-
tive. Using midlatitude PV thinking (Hoskins et al., 1985),
the role of quasi-barotropic dynamics, baroclinic interaction,
and the impact of moist processes can be quantified sepa-
rately, based on the piecewise PV tendency framework of
Teubler and Riemer (2016). By extending previous Eulerian
tendency approaches used to describe the evolution of flow
patterns (e.g., Feldstein, 2002; Michel and Riviere, 2011),
PV tendencies were projected onto and weighted by the mean
blocking pattern over Greenland. In this Eulerian perspective
of Teubler et al. (2023) on the local emergence of blocking
over Greenland, dry dynamics — linear quasi-barotropic dy-
namics and eddy flux convergence — dominate the formation
of blocking over Greenland. Baroclinic interaction and moist
processes linked to divergent amplification are diagnosed to
be of minor importance. However, other studies point to a key
role of latent heating for blocking formation and maintenance
from a Lagrangian perspective (e.g., Pfahl et al., 2015; Stein-
feld and Pfahl, 2019). While the PV perspective is in general
able to capture moist-baroclinic growth, Teubler et al. (2023)
discuss the limitations of the Eulerian perspective in cap-
turing the importance of these processes: moist-baroclinic
growth tends to occur in regions where the amplitude of the
regime pattern is small, and thus it hardly contributes to the
tendencies projected onto the pattern. Hauser et al. (2023b)
explicitly demonstrate this deficiency of the Eulerian per-
spective in a case study and reconcile the seemingly contrast-
ing results on the importance of moist-baroclinic processes
by adapting the Eulerian perspective of Teubler et al. (2023)
into a new quasi-Lagrangian perspective. Previous studies
have partly used quasi-Lagrangian approaches to investigate
the role of eddy feedback on blocks and, in particular, the
role of transient anticyclonic eddies (e.g., Shutts, 1983; Ya-
mazaki and Itoh, 2013; Suitters et al., 2023). By tracing back
negative, upper-tropospheric PV anomalies linked to a block
over Europe and investigating the relative contributions of
dry and moist dynamics using the same piecewise PV ten-
dencies of Teubler et al. (2023), the quasi-Lagrangian ap-
proach of Hauser et al. (2023b) revealed a non-local devel-
opment of the negative PV anomaly over the western North
Atlantic. This negative PV anomaly propagated eastward and
was pulse-like amplified by moist processes over the North
Atlantic — a development the Eulerian perspective missed as
the PV anomaly and its associated processes were found be-
yond the blocking region the Eulerian perspective focuses on.
Based on these results for a single case study, differences are
expected in the importance of dry and moist processes for
the formation of blocking over Greenland when applying the
quasi-Lagrangian perspective climatologically and compar-
ing it to the insights of Teubler et al. (2023).

In this study, we use an advanced version of the quasi-
Lagrangian perspective of Hauser et al. (2023b) to gain
climatological insights into the processes and dynamics of
blocking over Greenland. Periods of Greenland blocking are
identified from the perspective of weather regimes, which
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are large-scale persistent, quasi-stationary, and recurrent flow
patterns (Vautard, 1990; Michelangeli et al., 1995). Using
Greenland blocking as one of the seven year-round weather
regimes in the North Atlantic—European region (Grams et al.,
2017) and with an objective regime life cycle definition, it al-
lows for a systematic analysis of the full Greenland blocking
life cycles from the onset over the maximum to the decay
during 1979-2021. The purpose of this study is to shed light
on the dynamics of blocking over Greenland with the over-
all goal of a broader understanding of how blocking in this
region forms, is maintained, and finally decays. With the in-
sights obtained in this study, the representation of blocking
in numerical weather prediction and climate models could
be improved by focusing on the processes that shape block-
ing over Greenland.

The paper is organized as follows: Sect. 2 introduces
the data sets and the further advanced quasi-Lagrangian
PV framework originally developed in Hauser et al. (2023b).
The analysis on the formation of Greenland blocking is pre-
sented in Sect. 3. Insights into the maximum and decay stages
of Greenland blocking follow in Sect. 4 to complete a full
picture of Greenland blocking life cycle dynamics. Section 5
provides a summarizing discussion and concluding remarks.

2 Data and methods
2.1 Data

This study is based on ERAS5 reanalysis data (Hersbach
et al., 2020) from the European Centre of Medium-Range
Weather Forecasts (ECMWF) for the period January 1979-
December 2021. The data set is remapped from the origi-
nal T639 spectral resolution to a regular latitude—longitude
grid. For the identification of negative upper-tropospheric
PV anomalies, model level data are used with a spatial reso-
lution in the horizontal of 0.5° and a temporal resolution of
3 h. Spatially coarser data in the horizontal (1°) are selected,
as the piecewise PV inversion was optimized for a 1° resolu-
tion (see Teubler and Riemer, 2021).

2.2 Greenland blocking from a weather regime
perspective

In this study we define periods of Greenland blocking from
the perspective of weather regimes. Grams et al. (2017) de-
veloped a year-round weather regime classification in the
North Atlantic-European region (80°W—40°E, 30-90°N)
originally based on the former ERA-Interim reanalysis of
ECMWEF (Dee et al., 2011) and here applied to ERA5 (Hers-
bach et al., 2020). Weather regimes are identified in the pe-
riod 1979-2019, and we repeat key steps of the regime identi-
fication in the following. First, 6-hourly anomalies of geopo-
tential height at 500 hPa (based on a 90d centered running
mean climatology, 1979-2019) are filtered by a 10 d low-pass
filter (Lanczos filter; Duchon, 1979). Note that all centered
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n-day running mean climatologies in this study are obtained
by calculating the mean for each calendar time over the spec-
ified years and subsequently performing a mean centered on
each calendar time taking into account the £n /2 surrounding
days. Anomalies are normalized to aim for a year-round defi-
nition, and k-means clustering is performed for the expanded
phase space of the leading seven empirical orthogonal func-
tions (EOFs) that explain 74.4 % of the variability. This def-
inition yields in total seven weather regimes, with three cy-
clonic (zonal regime — ZO, Scandinavian trough — ScTr, At-
lantic trough — AT) and four anticyclonic regime types (At-
lantic ridge — AR, European blocking — EuBL, Scandinavian
blocking — ScBL, Greenland blocking — GL).

Following Michel and Riviere (2011) and Grams et al.
(2017), a weather regime index Iwgr is computed to make
a quantitative statement about the similarity of an instanta-
neous geopotential height field to one of the seven weather
regimes. It is defined as

Pwr () — Pwr
Twr(r) = WR (1) — Pwr with

NI 5
8T 2 [Pwr (1) — Pwr]
=1

> b, @) dLr(h, @) cosg

(A.¢)€EOF
> cose ’
(r,¢)€EOF

Pwr(t) =

ey

where NT is the total number of time steps within a clima-
tological sample (all times in 1979-2019) and (A, ¢) is the
respective longitude and latitude within the EOF domain.
Pwr(¢) is a scalar measure that describes the projection of
the filtered anomaly ®"(¢,,¢) to the EOF cluster mean
% r (1, ) within the EOF domain. Pwg is the climatologi-
cal mean of the projection Pwg such that Iwr is computed as
the deviation of Pwgr(?) from Pwr normalized by the stan-
dard deviation. Even though the weather regimes are defined
based on the 1979-2019 data period, Iwr can also be com-
puted beyond this data period for each of the seven regime
and each 3-hourly time step in the ERAS period considered
(1979-2021).

Based on Iwg, objective weather regime life cycles and as-
sociated life cycle stages are obtained following Grams et al.
(2017). Local maxima of Iwg with Iwgr > 1.0 are determined
as preliminary maximum stage of possible weather regime
life cycles. Second, preliminary onset and decay dates are de-
fined as first and last time steps around all maximum stages,
where Iwr > 1.0. Finally, regime life cycles are defined as
periods bounded by an onset and a decay time if the differ-
ence Af = fdecay — fonset amounts to at least 5d in order to
ensure sufficient persistence of the regime. In case two local
maximum stages of the same regime share the same onset or
decay time, two regime life cycles are combined if the addi-
tional following conditions apply: (i) the mean Iwr between
the two maximum stages is > 1.0 and (ii) the time difference
between the two maxima Afmax = fmax; — fmax, < 100d. The
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combined regime life cycle is then characterized by the ear-
liest onset and latest decay time. The maximum stage corre-
sponds to the time, when Iwgr is highest during the new life
cycle period. This definition of weather regime life cycles
allows more than one regime to be active at the same time,
where “active” here means that the Iwgr for more than one
regime exceeds 1.0 for at least 5 d. For strong and meaning-
ful regime life cycles, it applies that the regime must have the
highest Iwr out of all seven regimes for at least one time step
in the active regime life cycle such that an in-depth analysis
of life cycle stages (onset, maximum, decay) is possible.

A total of 177 GL life cycles are identified dur-
ing 1979-2021: 31 in December—February (DJF), 58 in
March-May (MAM), 52 in June—August (JJA), and 36 in
September—November (SON). Despite the differences in
numbers, the share of days within a season linked to an active
GL life cycle is nearly constant (not shown) due to strongly
variable length ranging from 5d to more than a month
(Fig. Ala). Figure 1a shows the year-round 500 hPa geopo-
tential height (Z500) pattern during GL. Positive Z500 anoma-
lies and northward-bulging isohypses (black lines) indicate
the location of the ridge over Greenland, which is flanked
to the south by negative Zsop anomalies as the result of
the southward shift in the storm track (see Woollings et al.,
2008). The GL pattern resembles the negative phase of the
NAO (Feldstein, 2003), and, in accordance with Woollings
et al. (2008), there is a high negative correlation between
the Iwr of GL and the NAO index (Fig. 2). We find a high
level of consistency of our regime-based GL definition with
other blocking detection methods. Despite differences in per-
sistence criteria, there is a positive correlation of 0.545 be-
tween the Iwgr and the Greenland Blocking Index (GBI) of
Hanna et al. (2016). In addition, our method classifies 566 d
of blocking over Greenland in summer during 1979-2019
which agrees well with the 623 d identified by Preece et al.
(2022).

2.3 A quasi-Lagrangian PV framework

The quasi-Lagrangian PV framework has been introduced in
Hauser et al. (2023b) for a single regime life cycle case study
and is here further developed for the systematic investigation
of year-round GL regime life cycles.

2.3.1 Tracking of upper-tropospheric PV anomalies
linked to Greenland blocking regime life cycles

Analogous to Hauser et al. (2023b), we look at negative
upper-tropospheric PV anomalies as vertically averaged PV
between 500 and 150hPa based on model level data of
ERAS, which is consistent with the atmospheric blocking
identification algorithm of Schwierz et al. (2004). Anomalies
are calculated as deviations from a 30 d running mean clima-
tology based on the period 1979-2019. Figure 1b displays
the mean upper-tropospheric PV anomalies for active GL life
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Figure 1. (a) Geopotential height at 500 hPa (black lines, from 5250 to 5850 gpm in steps of 60 gpm) and corresponding anomalies (shading,
in gpm) and (b) vertically averaged PV anomalies between 500-150 hPa (shading, in PVU) and vertically averaged PV (contours, from 1.5 to
3.5PVU in steps of 0.25 PVU) for all time steps attributed to the GL regime type. The solid white line in panel (b) illustrates the regime

mask for the GL regime type, defined by the —0.3 PVU contour.
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Figure 2. Temporal evolution of the weather regime index Iwr
for GL (black solid), the NAO index (blue solid), and the ampli-
tude of the mean upper-tropospheric PV anomaly (in PVU) within
the regime mask of GL (see Fig. 1b, white contour). Shading in-
dicates the 20—-80 percentile range. The horizontal dashed line (in
black) marks the Iwg threshold used for the definition of regime
life cycles.
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cycles. As for the European blocking regime (Hauser et al.,
2023b, their Fig. 2), a good agreement between the Zspo-
based pattern and upper-tropospheric PV field is evident,
which justifies a consideration of weather regime dynam-
ics from a PV perspective. As the GL pattern (Fig. 1b) indi-
cates the presence of negative upper-tropospheric PV anoma-
lies, we define the area with PV anomalies smaller than
—0.3PVU (potential vorticity units; white contour) as the
regime mask of GL. Thus, in this study, we consider solely
PV anomaly objects that spatially overlap this region during
the life cycle with a minimum coverage of the regime mask
of at least 10 %.

We identify and track anticyclonic anomaly objects of
upper-tropospheric PV in agreement with Hauser et al.
(2023b). For the European blocking in March 2016, Hauser
et al. (2023b) used a fixed threshold for the identification of
negative PV anomaly objects, referred to as PVAs™. How-
ever, for a year-round consideration, a variable threshold is
required that depends on the time of the year to account for
the fact that PVAs™ are stronger in winter than in summer
(Steinfeld and Pfahl, 2019). For the European blocking case
in March 2016, Hauser et al. (2023b) used a threshold of
—0.8 PVU, which captures approximately the 35 % strongest
negative PV anomalies in terms of area in the Northern
Hemisphere during 1979-2019. Here, for each calendar day,
we determine the threshold required to capture the strongest
35 % of PVAs™ for this day. A fast Fourier transformation is
applied for smoothing and yields the final threshold for every
calendar day in the year (Fig. Alc). The running threshold
shows a maximum in strength around March and a minimum
in strength around July. PVAs™ are traced in space and time
based on the method of Schwierz et al. (2004) with major ad-
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justments (see Hauser et al., 2023b, their Fig. A1). In general,
PVAs™ are tracked based on spatial overlap without a crite-
rion on minimum overlap. A further development of the al-
gorithm allows the detection of splitting and merging events
along a tracked PVA ™. This enables an analysis which exam-
ines the role of transient anticyclonic anomalies in feeding a
block and is strongly inspired by the work of Shutts (1983),
Yamazaki and Itoh (2013), and Suitters et al. (2023).

2.3.2 Quantification of processes to the PV anomaly
amplitude evolution

Following Hauser et al. (2023b), we apply the piecewise
PV tendency framework originally developed for Rossby
wave packets (RWPs) by Teubler and Riemer (2016) to in-
vestigate the amplitude evolution of PVAs™ identified and
traced from a quasi-Lagrangian perspective (see Sect. 2.3.1).
We use the Ertel PV definition (Ertel, 1942) on isentropic
surfaces as ¢ = o~ (¢g + f) considering the hydrostatic ap-
proximation, with o = —g~1(8p/d0) as the isentropic layer
density with gravity g, pressure p, and potential tempera-
ture 6; gp as relative vorticity on isentropic surfaces; and f as
the Coriolis parameter. The PV tendency equation describes
the change in PV at a fixed point by (i) the advection of PV
and (ii) non-conservative PV modification (N') and reads as

a—qz—v-ng—}-N, 2)
ot

with the horizontal wind field v = (u, v, 0) and the gradient
operator along an isentropic surface Vg. Following Teubler
and Riemer (2016), the advective PV tendency (—v - Vyq)
is further split into different terms, with each term referring
to specific processes in midlatitude dynamics. Note that —
equivalent to above — PV anomalies ¢’ on isentropic sur-
faces are defined as deviations from a 30 d running mean cli-
matology go (1980-2019). The background wind field vg is
constructed similarly to gg. A Helmholtz partitioning of v is
performed to extract the divergent wind field vfﬁv, and the
piecewise PV inversion under nonlinear balance (Davis and
Emanuel, 1991; Davis, 1992) yields the non-divergent wind
components associated with upper-tropospheric and lower-
tropospheric PV anomalies, resulting in the wind fields v},
and v{]p, respectively. All wind fields are interpolated to isen-
tropic levels ranging from 315 to 355K in steps of 5 K. Fi-
nally, the full wind field v reads as

’ ’ ’ /
v =100+ Vg, + Vup F Viow T Vres» 3)

where v/ is the residual wind field that arises due to (i) char-
acteristics inherent in piecewise PV inversion (e.g., nonlin-
earities and imperfect knowledge of boundary conditions),
(ii) numerical inaccuracies, and (iii) the interpolation of wind
fields from pressure to isentropic levels. Analogously to
Hauser et al. (2023b), the amplitude metric as the spatial in-

tegral of g’ over the PV anomaly area A(r) is given by
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d , dq g0 ’

— dA = —dA — —dA + -n)d 4

" q / o1 » fq (vs-n)dS, 4
A1) A1) A1) S(1)

with S(7) the boundary of A(¢), vg the motion of the bound-
ary S(t), and the normal vector n. Using the decomposition
of the wind field and further transformations thoroughly doc-
umented in Appendix A, the final equation for the amplitude
evolution of PV anomalies reads as

d
o [ qaa =—/v{lp~qudA— / <—v{lp-qu>dA
A A Ay

UP
_/viow'vqodA_ / (_v;ow'Vq())dA
A(t) A1)
LOW
- / vgiy - VqodA — / (—vG - Vgo)dA
A() A@t)
DIVaav
+ [4(vovi)as= [ fa'(7-v)aa
A1) A(t)
DIVgiv
— / Vo - VgodA — f (—v}es - Vgo)dA
A() A()
RES
+/NdA— /N’odA—i-%q’(vsv)dS, 5)
A1) A(r) S(1)

NONCONS Bnd

with () as a mean operator that consists of averages be-
tween 1980-2019 for each calendar day and a subsequent
running mean (+15d). The individual PV tendency terms
(abbreviations in Eq. 5) are to be interpreted as follows.
The term UP is closely related to barotropic dynamics, as
it represents the advection of upper-tropospheric PV by the
wind field associated with upper-tropospheric PV anomalies.
The modification of upper-tropospheric PV anomalies by
the wind fields linked to lower-tropospheric PV anomalies
is described by LOW and reflects baroclinic interaction
of lower levels with upper levels. The change in ¢’ by the
divergent wind field v, is governed by (i) the advection
of background PV with the divergent wind field (DIV,q4y)
and (ii) the divergence of the divergent wind within the
PV anomaly (DIVg;y), which often applies to a change in
the area of the PV anomaly. Upper-tropospheric divergent
outflow is often linked to latent heat release below, such that
both terms — DIV,qy and in particular DIVg4;, — have often
been referred to as indirect moist-dynamical contributions
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(e.g., Riemer et al., 2008; Grams et al., 2011; Steinfeld and
Pfahl, 2019). In midlatitudes, latent heat release occurs pre-
dominantly within ascending air streams, which are known
as warm conveyor belts (WCBs; Wernli, 1997) and occur
in the vicinity of extratropical cyclones (Madonna et al.,
2014; Pfahl et al., 2015). Thus the terms DIV 4, and DIV gy
also include the role of divergent WCB outflow in the upper
troposphere. The term RES describes the advection of back-
ground PV by the residual wind field and is hard to describe
in a physical sense, as it includes the part of the framework
that cannot be explained by the wind fields obtained from
Helmholtz partitioning and piecewise PV inversion. The
modification by non-conservative processes is further re-
ferred to as NONCONS. Previous studies have shown that
this term is of minor importance for the amplitude evolution
of ridges and troughs since small-scale non-conservative PV
tendencies often are too localized and thus cancel out when
integrated over the anomaly surfaces (Teubler and Riemer,
2016; Hauser et al., 2023b). Equivalent to Hauser et al.
(2023b), we introduce the boundary term Bnd, which arises
due to the fact that the PVAs™ change in size or deform
leading to a change in the integration area 4. A detailed
documentation of the physical meaning of Bnd and of how
the movement of the boundary of a PVA™ (v;) is estimated is
given in Appendix B. Analogously to Teubler et al. (2023),
we do not explicitly consider NONCONS in this study. The
diagnosed amplitude change (DIAG) in Eq. (5) changes
to DIAG =UP +LOW + DIVgjy + DIV,4y +RES + Bnd.
Equation (5) is evaluated on isentropic surfaces, with the
isentropic level depending on the season. Following Roth-
lisberger et al. (2018), we use 320 K for December, January,
February, and March; 325K in April and November; 330 K
in May and October; 335K in June and September; and
340 K in July and August. Analog to Teubler et al. (2023), we
average values within +5K around the selected isentropic
surface. In agreement with Teubler and Riemer (2016),
PV tendencies are shown with positive sign if contributing
to an amplification of the Rossby wave pattern; i.e., for the
amplification of PVAs™ negative tendencies are shown with
a positive sign. DIAG is compared to the observed amplitude
change (OBS), the latter of which is calculated from the
forward difference in the area-integrated PV anomaly
amplitude between two time steps. Further information on
the estimation of Bnd and reasons for deviations between
DIAG and OBS are provided in Appendix B.

2.4 Eulerian identification of WCBs

As the identification of WCBs with Lagrangian air parcel
trajectories is associated with rather expensive computations
for the long ERAS period, we use the novel EuLerian Iden-
tification of ascending AirStreams (ELIAS 2.0) data set,
which has been developed by Quinting and Grams (2022).
ELIAS 2.0 uses convolutional neural networks (CNNs) fed
with instantaneous gridded fields to predict footprints of dif-
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ferent WCB stages: WCB inflow in the lower troposphere,
WCB ascent in the mid-troposphere, and WCB outflow in the
upper troposphere. For each WCB stage, the four most im-
portant predictors identified from a step-wise forward selec-
tion approach (Quinting and Grams, 2021) are used as input
data. For a year-round WCB identification, the 30 d running
mean Lagrangian-based WCB climatology serves as the fifth
predictor. After training the CNNs based on 12-hourly ERA-
Interim data (Dee et al., 2011) from 1980-1999, the CNNs
are applied to 3-hourly ERAS data and provide a conditional
probability for WCBs (ranging from 0 to 1). A grid-point-
dependent decision threshold decides if a certain probability
is associated with any of the three WCB stages. This thresh-
old is determined for each day of the year and for each WCB
stage such that the bias between the Lagrangian-based and
the CNN-based WCB climatology is minimal.

3 Formation of Greenland blocking

This section provides insights into the onset dynamics of GL.
Therefore, we here apply the quasi-Lagrangian PV frame-
work (Sect. 2.3) to all GL regime life cycles in the consid-
ered ERAS period. Specifically we investigate the origin of
PVAs™ linked to blocking and disentangle the contribution of
dry and moist processes in the life cycle of blocked regimes.

3.1 Large-scale PV evolution

First we explore the formation of the year-round GL pat-
tern from an Eulerian PV perspective. Figure 3 (upper row)
shows the development of GL regime life cycles centered on
all GL onset dates between 1979-2021 based on the field
of upper-tropospheric PV anomalies, mean sea level pres-
sure (MSLP), and Z5q0.

The onset of GL is characterized by a rapid emergence
of a blocked situation out of a very zonally oriented circu-
lation pattern over the western North Atlantic within about
6d (Fig. 3, upper-row panels). A weak and broad trough
prevails over the western North Atlantic 6d before the on-
set (Fig. 3a). No clear upstream wave-train signal is present,
which matches the observation of Feldstein (2003) that the
negative NAO phase often develops in situ. Low MSLP over
the western North Atlantic indicates the presence of extrat-
ropical cyclones downstream of the trough close to Green-
land in the days before the onset (blue contours in Fig. 3a
and b), which suggests an involvement of synoptic moist-
baroclinic activity over the central North Atlantic to the de-
velopment of GL. The circulation pattern over the western
North Atlantic hardly changes in the days before the onset
(Fig. 3a—c). In contrast, the circulation pattern downstream
of Greenland indicates a ridge building over Europe in the
days before the onset. Previous studies highlight Scandi-
navian blocking or Atlantic ridge as precursor regime pat-
terns to blocking over Greenland or to negative phases of the
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Figure 3. Large-scale year-round PV evolution of GL. (a—e) Upper-tropospheric PV anomalies measured as vertically averaged mean be-
tween 150 and 500 hPa (see Sect. 2.3.1, in PVU, shading) and Z5qq (black solid contours, levels: 5350, 5400, 5450, 5500, 5550 gpm) for
selected time steps relative to GL onset. Blue and red contours show mean sea level pressure (blue: 1000, 1002, 1004, 1006, 1008 hPa;
red: 1020, 1022, 1024, 1026, 1028 hPa). Bottom: frequency of onset PVAs™ (gray shading) and frequencies of onset PVAs™ following the
upstream pathway (orange contours, in steps of 0.2, 0.3, 0.4, 0.5) and the retrogression pathway (green contours, in steps of 0.2, 0.3, 0.4,
0.5). The white contour represents the regime mask for GL (see Fig. 1b). Note that for each time lag, the time steps =6 h were taken into

account.

NAO (e.g., Vautard, 1990; Cassou, 2008; Michel and Riviere,
2011; Luo et al., 2012; Biieler et al., 2021), which is consis-
tent with high Iwr values of Atlantic ridge, European block-
ing, and Scandinavian blocking in the days before GL onset
(see Fig. A3). The most rapid development of the large-scale
pattern over Greenland takes place in the 4 d around regime
onset (Fig. 3c—e), characterized by a fast amplification of the
ridge that establishes over Greenland and is associated with
strong negative PV anomalies in the upper troposphere. In
accordance with Woollings et al. (2010), a split flow is visi-
ble from the onset on (Fig. 3d and e), pointing to the typical
southward shift in the midlatitude storm track during GL (see
Fig. 1b). Strong negative PV anomalies prevail over Green-
land, and high MSLP values show that the anticyclonic cir-
culation in the upper troposphere over Greenland has mani-
fested as a high-pressure anticyclone near the surface (high
MSLP, red contours). A separate consideration of the devel-
opment depending on the season indicates no fundamental,
qualitative difference in the GL pattern development around
onset and that seasonal differences are dominated by the in-
creased jet waviness and stronger anomalies in winter com-
pared to summer (see Fig. S1 in the Supplement).

3.2 Pathways of PVAs™ to Greenland

Two separate regions of negative PV anomalies, namely over
the northeastern United States and over northern Europe,
stand out in the days before GL onset (Fig. 3b and c), sug-
gesting a propagation of anomalies rather than a rapid in situ
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development of anomalies over Greenland. Croci-Maspoli
et al. (2007) found that the circulation anomaly linked to
the ridge over Europe propagated westward to build up a
block over Greenland. Preece et al. (2022) pointed out differ-
ent pathways to blocking over Greenland in summer. More
recently, Teubler et al. (2023) found two modes of year-
round variability in the dynamics of GL by applying EOF
analysis and k-means clustering to low-pass-filtered upper-
tropospheric PV anomalies in the days before GL onset,
linked to the occurrence of negative PV anomalies upstream
and downstream of Greenland.

Using the quasi-Lagrangian PV perspective, we identify
the negative PV anomalies (PVAs™) linked to blocking over
Greenland and investigate their propagation and origin. This
allows us to quantify if there exists a direct link between
the PV anomalies upstream and downstream and blocking
over Greenland. For each GL regime life cycle, we define
the PVA™ that exhibits the highest spatial overlap with the
GL regime mask (see Fig. 1b, white contour) in the period
+1d around GL onset as the “onset PVA™”. The frequency
of onset PVAs™ reveals that PVAs™ linked to blocking over
Greenland originate from both upstream and downstream
of Greenland and thus indicate two pathways of PVAs™ to
Greenland (gray shading in lower row of Fig. 3). For the clas-
sification of the two pathways, an objective partitioning of
the onset PVAs™ is performed by defining two areas around
Greenland east and west of 52.5°W (center of mass longi-
tude in year-round upper-tropospheric PV-anomaly-weighted
composite; Fig. 1b) and by determining in which of the two
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(a) retrogression

(b) upstream

Figure 4. Mean track of onset PVAs™ for (a) the retrogression pathway and (b) the upstream pathway. The tracks are constructed by local
maxima in onset PVA™ frequency for each time step (12 h) for the period —9 to +5d around the GL onset and are shown in red (green)
for the retrogression (upstream) pathway. Gray shading shows the mean onset PVA™ frequency 4 d before the GL onset (+ = —96h). For
smoother tracks, a rolling mean window of £12 h was applied to the mean latitude and longitude points of the track. The white cross marks
the time ¢ = —96 h, and white points label the mean position of onset PVAs™ (along the track) in a temporal distance of 1d. Black contour
lines show the Z50p composite at time = —96 h in steps of 5200, 5300, 5400, 5500, and 5600 gpm. The dashed blue contour marks the

regime mask of GL.

areas the center of mass location of an onset PVA™ is more
frequently found in the 3 d before GL onset. Eastern ones are
assigned to the “retrogression pathway” and western ones to
the “upstream pathway”. For the subsequent discussion of
the pathways, Fig. 3 shows the frequency of onset PVAs™ for
the two pathways separately for selected time steps around
the onset, and Fig. 4 reveals the mean track of PVAs™ for the
pathways.

Upstream PVAs™ are located over northeastern North
America 6d before the onset (Fig. 3f) and propagate north-
eastward towards Greenland (Fig. 3g—j). Thereby, the PVAs™
exhibit a quick northward movement once they reach the east
coast of the United States (Fig. 4b). In contrast, PVAs™ be-
longing to the retrogression pathway are characterized by
a northwestward propagation against the mean flow from
northern Europe towards Greenland in the 4 d before GL on-
set (Fig. 3f—j). However, if the PVAs™ are traced further back
in time, we find their origin in the storm track over the cen-
tral North Atlantic (Fig. 4a). Even 9 d before the onset, the
anomalies are located upstream of the Greenland blocking re-
gion, revealing an eastward propagation of PVAs™ assigned
to the retrogression pathway before they become stationary
for a short time over Europe. Because of the initial eastward
movement of PVAs™ linked to the retrogression pathway,
the assignment to the pathways depends on the chosen time
period (Fig. A3). The longer the selected period before the
onset, the more onset PVAs™ are assigned to the upstream
pathway. However, the differences in the assignments vary
slowly, and the chosen period of 3 d before the onset is suffi-
cient, as this is the time period with the largest differences in
the propagation of onset PVAs™ (see white crosses in Fig. 4).

From a year-round perspective, more GL life cycles are
assigned to the retrogression pathway (58 %) than to the up-
stream pathway (42 %). This matches well with previous
studies that point to blocking over northern Europe (and in
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particular Scandinavia) as a precursor pattern of GL (Vau-
tard, 1990; Michel and Riviere, 2011; Biieler et al., 2021).
Interestingly, in Teubler et al. (2023) fewer life cycles are ac-
counted to their retrograde cluster (50 %) and more to their
upstream cluster (50 %), which can be explained by the dif-
ferent classification techniques between Teubler et al. (2023)
and our study, i.e., low-pass filtering, time-averaged EOF
analysis, and k-means clustering vs. instantaneous PV fields
for quasi-Lagrangian tracking. The seasonal stratification
(Table 1) reveals differences between seasons, with a dom-
inance of the retrogression pathway in winter (77 %) but
slightly more onset PVAs™ following the upstream pathway
in autumn (53 %).

The large-scale flow evolution around GL onset separated
for the two pathways reflects the marked differences between
the two pathways (Fig. S2): except for the amplitude the
evolution of the pattern differs more between the pathways
(Fig. S2) than between seasons (Fig. S1).

3.3 Amplitude evolution of onset PVAs™

We apply the PV anomaly amplitude metric introduced in
Sect. 2.3.2 to all GL onset PVAs™. The following PV tenden-
cies in Eq. (2) are integrated on selected isentropic surfaces
over the area of onset PVAs™: UP, LOW, DIV,4y, DIVgiv,
RES, and Bnd. This reveals the contributions of different
processes to the amplitude evolution and, more importantly,
sheds light on the importance of dry and moist processes.
Note that in our study focusing on the Northern Hemisphere,
an amplification (weakening) of a block mathematically goes
along with a negative PV anomaly becoming more nega-
tive (positive). In line with Teubler and Riemer (2016), all
PV tendency terms are multiplied with —1 so that positive
(negative) values always indicate amplification (weakening)
of the onset PVAs™.
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Table 1. Number of GL life cycles that are associated with the two pathways of PVAs™ to Greenland prior to GL onset. Percentages
in brackets indicate the percentage of life cycles that fall into the pathways for the year-round column (second column), while the other
percentages point to changes in the relative share of life cycles assigned to the pathways (in %).

Year-round NDJFM MIJAS DIJF MAM JJA SON

All 177 58 81 31 58 52 36

Retrogression 102 (58%) 38 (+8%) 46 (—1%) 24 (+19%) 34 (+1%) 27(—6%) 17(—11%)

Upstream 75(42%) 20(—8%) 35(+1%) T7(=19%) 24(=1%) 25(H6%) 19(+11%)
3.3.1 Year-round perspective and indicates a growth in PVA™ size towards the onset (not
shown). In contrast, the part of Bnd describing the divergence
Figure 5a and b provide first year-round insights of the PV anomaly flux is negative, suggesting that low-PV
into the amplitude evolution of onset PVAs™ in- air is advected out of the region of the PVA™ (not shown).
dependent of the pathway or season. Ideally, the The contributions of UP, RES, and DIV,qy are of minor im-
diagnosed amplitude change DIAG (black line, portance for the amplitude evolution and are just shown for

DIAG = UP 4 LOW + DIV 4y + DIVgiy +RES + Bnd)
should represent the observed amplitude change OBS
(gray line), measured as forward difference in the inte-
grated PVA™ amplitude. Based on the listed reasons for
deviations (see Appendix A), we have filtered out ques-
tionable time steps when OBS and DIAG exhibit very
different values. The subjectively determined condition
|OBS — DIAG| < 2.5 x 10’ PVUm?s~! ensures that time
steps when DIAG deviates very strongly from OBS are
excluded, but at the same time a large fraction of values
are still included in the composite (~ 66 %). The threshold
value is only weakly sensitive, and the amplitude change
remains qualitatively the same (not shown). With the applied
filtering, DIAG still slightly overestimates the amplification
and underestimates the amplitude weakening of the onset
PVAs™ (Fig. 5a), but the temporal variations in the curves
are very similar, and the agreement is thus sufficiently good
for our analysis.

From a year-round perspective and independent of the
pathway, onset PVAs™ continuously undergo amplification
in the days before the onset (Fig. 5a). The major contribu-
tion to the amplification arises from DIVy;, and indicates the
importance of moist processes for the development of on-
set PVAs™ (Fig. 5b). This agrees well with previous stud-
ies, which conclude that rapid amplification of ridges is of-
ten strongly related to upper-level divergent outflow linked
to mid-tropospheric latent heat release in midlatitudes (e.g.,
Davis et al., 1993; Grams et al., 2011, 2018; Teubler and
Riemer, 2021). A further contribution to the amplification
of onset PVAs™ arises from LOW. This points to a suitable
phase shift in the upper-tropospheric wave with the lower-
tropospheric temperature wave, hence leading to baroclinic
amplification. The near-constant amplifying contribution of
LOW has also been found for ridges within RWPs in the
study of Teubler and Riemer (2021). Bnd shows a positive
contribution to the amplification (Fig. 5a). Thereby, the sub-
term describing the change in area (last term on the right-
hand side of Eq. B1) is throughout positive before the onset
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consistency (Fig. 5b).

The amplification of the PVA™ amplitude starts to de-
crease in the 2d before the onset, and, at the time of the
onset, it turns negative, indicating a beginning weakening of
the amplitude (Fig. 5b). The decrease in amplitude starting
around the GL onset is mostly driven by (i) a decreasing but
still positive contribution of DIV, (ii) a negative contribu-
tions of UP, and (iii) a decrease in Bnd (Fig. 5a).

Comparing these results with the Eulerian perspective
on GL by Teubler et al. (2023), distinct differences exist in
the relative contributions of dry and moist dynamics. Teubler
et al. (2023) diagnosed a dominance of the dry-dynamical
linear quasi-barotropic dynamics and (nonlinear) eddy flux
convergence in the local buildup of the GL regime, with only
small and minor contributions linked to divergent PV ten-
dencies and therefore moist processes (their Fig. 7d). As dis-
cussed in detail in Hauser et al. (2023b), these discrepan-
cies emerge as a result of different perspectives and metrics
used for a budget analysis. The key role of divergent PV ten-
dencies elaborated from the quasi-Lagrangian perspective is
missed from the Eulerian point of view, as onset PVAs™ do
not develop in situ over Greenland. As a result, the moist
processes occurring remotely from the regime region are not
taken into account from a Eulerian perspective.

3.3.2 Seasonal stratification

Previous studies investigated the seasonality in the PV ten-
dencies and therefore in the PV dynamics (Teubler and
Riemer, 2021). The lower row in Fig.5 shows the ampli-
tude evolution and PV tendency contributions for extended
summer (May—September) and extended winter (November—
March) separately.

Onset PVAs™ experience a much stronger amplification
during winter compared to summer before GL onset (Fig. 5S¢
and d). A close look into the contributions reveals seasonal
differences in the strength of PV tendencies. Most promi-
nently, LOW exhibits stronger positive contributions in win-
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Figure 5. Mean amplitude evolution of onset PVAs™ around GL onset. (a) Diagnosed (DIAG, black) and observed (OBS, gray) change in the
onset PVA™ amplitude. The boundary term Bnd (dark violet) and the difference in DIAG — Bnd (pink) are shown by colored lines. (b) Con-
tribution of amplitude-modifying processes to the full diagnosed change in amplitude (DIAG): upper-tropospheric wave dynamics (UP,
—vyp - Vg, blue), baroclinic interaction (LOW, —vjqy, - Vgq, gold), advection part of the divergent outflow term (DIV 44y, —vgiy - V4o, light
red), divergence part of the divergent outflow term (DIV iy, ¢’(V - v4iy), dark red), and the residual PV tendency term (RES, —vres - V¢,
yellow green). The sign of the PV tendencies is defined such that positive (negative) values always indicate amplification (weakening) of the
PVAs™. (¢) Same as (b) but for GL regime life cycles in extended summer (May—September). (d) Same as for (b) but for GL regime life
cycles in extended winter (November—March). Note that all curves are smoothed by taking into account the time steps £12 h around them.

ter. This has also been discussed in Teubler and Riemer
(2021, their Fig. 7) and is the result of generally stronger
baroclinicity in winter, leading to larger contributions by the
baroclinic interaction term LOW. DIV 4, shows stronger val-
ues in winter, most probably due to the more frequent oc-
currence of WCBs in winter (e.g., Madonna et al., 2014).
In total, it is the lack of baroclinic coupling and the weaker
upper-level divergence that leads to a less strong amplifica-
tion of onset PVAs™ before GL onset in summer (Fig. 5S¢
and d). Still we note that despite the different magnitude of
the tendency terms, the qualitative evolution of the different
contributions is relatively similar between seasons.
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3.3.3 Breakdown into the two pathways

Two different pathways of onset PVAs™ to Greenland were
revealed in Sect. 3.2 in the days before the onset. In the
following, we investigate the year-round dynamics of onset
PVAs™ in dependence on the pathway. Figure 6 shows the
amplitude evolution of onset PVAs™ and the respective con-
tributions. Spatial composite maps of the different PV ten-
dency contributions are shown in Fig. 7 and reveal the spatial
pattern relative to the respective latitude—longitude center of
mass position of onset PVAs™.

The amplitude evolution of onset PVAs™ shows distinct
differences depending on the pathway before the GL on-
set (Fig. 6a and e). The maximum amplification for on-
set PVAs™ following the retrogression pathway takes place
around 5 d before, while onset PVAs™ from upstream expe-
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Figure 6. Mean amplitude evolution of onset PVAs™ around GL onset following the upstream (dashed lines) or retrogression pathway (solid
lines): (a) diagnosed amplitude change (DIAG), (b) upper-tropospheric wave dynamics (UP), (¢) baroclinic interaction (LOW), (d) advec-
tion by divergent wind field (DIV,q4y), (e) observed amplitude change (OBS), (f) divergence of divergent wind field (DIVgjy), (g) residual
PV tendency term (RES), and (h) boundary term (Bnd). Positive means a strengthening of the amplitude, negative a weakening of the ampli-
tude. Gray shading indicates when the dynamics of the two pathways are significantly different from each other (re-sampling, Monte Carlo,
10 000 iterations, 2 %/98 %). Note that all curves are smoothed by taking into account the time steps =12 h around them.

rience their largest amplification shortly before the onset (1—
2 d before). After the onset, the amplitude change matches
well between the pathways. The diversity of the amplitude
evolution raises the question of whether the relative contribu-
tion of the PV tendency terms differs between the pathways.

The early peak in amplification for retrograding PVAs™ is
dominated by high contributions of DIV, (Fig. 6a and f),
which amplify the onset PVAs™ in particular on the north-
western edge of the anomaly (Fig. 7a). Moist processes play
a dominant role in the amplification at this early stage, when
onset PVAs™ are located over the eastern North Atlantic (see
Fig. 3f and g). At the same time, the high positive contri-
bution of Bnd is purely attributable to a large growth in the
PVA™ area (not shown) and suggests that divergent outflow
in the upper troposphere leads to the amplification and, in
particular, to an increase in ridge area (e.g., Grams et al.,
2018). UP contributes additionally to an amplification, point-
ing to an asymmetry of the positive PV anomalies that flank
the onset PVA™. Indeed, the negative tendencies of UP on
the upstream flank dominate over the positive tendencies
of UP downstream (Fig. 7a), which leads to an amplifica-
tion upstream and the observed westward propagation of the
PVAs™. Upstream PVAs™ show a local minimum in amplifi-
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cation when retrograding onset PVAs™ are strongly amplified
a few days before GL onset (Fig. 6a and e). A comparison
between the contributions for each pathway reveals a lower
contribution of LOW, DIV, and Bnd, which points to a
less-baroclinic-driven development (Fig. 6c, f, and h).
Upstream PVAs™ experience their strongest amplification
in the 3 d before GL onset, when the PVAs™ reach the east
coast of the United States and head northwards towards
Greenland (Figs. 6a and 4b). The amplification is dominated
by contributions of DIV4;, and Bnd, similar to the early peak
of retrograding PVAs™ (Fig. 6f and h). The strong ampli-
fying tendencies of DIV, are found in the northwestern
corner of the onset PVAs™ (Fig. 7f-h). The positive con-
tribution of Bnd points to an increase in the PVA™ area at
that time, which, again, could be linked to the divergent out-
flow in the upper troposphere. LOW shows additionally a lo-
cal maximum pointing to baroclinic coupling of the upper-
tropospheric wave with the surface temperature wave, which
adds to the amplification of the existing onset PVA™ (Figs. 6¢
and 7f, g). Interestingly, UP counteracts the amplification
in the days before the GL onset, which contrasts with the
processes leading to maximum amplification of retrograding
PVAs™. This is linked to a trough that extends downstream
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Figure 7. Centered composites on onset PVAs™ (center of mass positions) for different time steps relative to the onset date (columns)
and the two pathways (rows). Shading shows upper-tropospheric PV anomalies (in PVU), and black contours show the absolute PV in the
upper troposphere (for the levels 2.5 to 5PVU in steps of 0.5 PVU). The main contributing three PV tendency terms are shown in colored
contour lines (i) UP (blue) in steps of £10, 14, 18, 22, and 26 x 107 PVU m?2 571; (ii) LOW (gold) in steps of +1.2, 1.6, 2, 2.4, 2.8, and
3.2 x 107 PVU m? s_l; and (iii) DIVg;y (red) in steps of £3, 5,7, 9, 11, 13, and 15 x 107 PVUm?2 s~ !, Solid and dashed contours mark
positive and negative PV tendencies, respectively. The tendencies of DIVy;, and the absolute PV field were smoothed with a Gaussian filter

(c=1).

of the PVA™ and advects high PV from the north into the
PVA™ on its eastern flank (Figs. 6b and 7f, g). The large
negative contribution of UP dampens the amplification of
PVAs™ from upstream significantly in the days before the
onset.

3.3.4 Summary of onset PVA™ amplitude evolution

The analysis on the amplitude evolution of onset PVAs™ re-
veals a strengthening of the onset PVA™ amplitude in the
days before GL onset. We found that seasonal differences are
mainly caused by lower baroclinicity in summer compared
to winter resulting in a distinct higher amplification of onset
PVAs™ in winter before the onset. However, the partition-
ing into the two pathways reveals fundamental differences in
the large-scale flow patterns in which the onset PVAs™ are
embedded, as well as in the amplitude evolution, where we
found distinct time lags between the maximum amplification
and even an opposite qualitative evolution. These results are
in good agreement with the Eulerian perspective of Teubler
et al. (2023), who found larger variation in the dynamics be-
tween their two EOF and clustering-based pathways com-
pared to a pure seasonal stratification. In contrast to Teubler
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et al. (2023), the quasi-Lagrangian perspective quantifies an
important and dominant role of moist processes in the forma-
tion and in particular in the amplification of PVAs™ linked to
blocking. As discussed in detail above and in Hauser et al.
(2023b), this is because moist processes occur mostly off the
blocked region and thus appear only as a weak contribution
in Eulerian frameworks focusing on the local circulation pat-
tern. This also illustrates the importance of a multi-faceted
view on blocking dynamics.

3.4 Link of DIV, tendency to moist-dynamical WCBs

The previous section highlighted the dominant contribution
of DIVy;y to the amplification of onset PVAs™ for both path-
ways. Interestingly, the timing of moist contributions to am-
plification markedly differs between the pathways. Many
studies have linked divergent outflow close to the tropopause
to moist processes below and in particular to the presence of
WCBs. Hence, DIV iy has often been referred to as an indi-
rect moist contribution. We here investigate in detail the link
of the evolution of DIVy;, (Fig. 6f) and the occurrence of
WCBs in the immediate vicinity of the onset PVAs™ (Fig. 8)
for the two pathways.

Weather Clim. Dynam., 5, 633-658, 2024



646

(a) retrogression, -5 d (b) retrogression, -3 d

S. Hauser et al.: Greenland blocking life cycle dynamics

(c) retrogression, -1 d (d) retrogression, +1 d

pseudo lat

=50 -25 0

(f) upstre

pseudo lat

-50 -25 0 25 50 -50 -25 0 25
pseudo long pseudo long

-50 =25 0 25 50
pseudo long

-50 =25 0 25 50
pseudo long

Figure 8. Composites centered on the position (center of mass) of onset PVAs™ for selected times relative to GL onset (columns) and for
the two pathways separately (rows) showing the occurrence of different WCB stages (shading) and vertically averaged PV anomalies (500—
150 hPa, black contours). Colored shading indicates the frequency of WCB inflow in the lower troposphere (blue, from 0.02 to 0.04 in steps
of 0.005), WCB ascent in the mid-troposphere (green, from 0.02 to 0.045 in steps of 0.005), and WCB outflow in the upper troposphere
(red, 0.06 to 0.16 in steps of 0.02). Solid and dashed black contours illustrate the positive and negative upper-tropospheric PV anomalies,
respectively. The contour levels displayed are [—1.3, —1.0, —0.7, —0.4, —0.1, 0.1, 0.4, and 0.7] PVU. PV tendencies of DIV;j, are shown
in gold with contour levels of [—6, —8, —10, —12, —14] x 10° PVUm?2 s~ . All fields shown are smoothed by a Gaussian filter with o = 2.

Onset PVAs™ linked to GL onset are often strongly ampli-
fied by DIVy;, once they are located over the North Atlantic
(Figs. 6f and 4). This suggests a link to WCB activity, as the
climatological WCB activity exhibits a local frequency max-
imum over the storm track region in the North Atlantic (see
Madonna et al., 2014). Retrograding PVAs™ experience the
maximum contribution of DIV gjy to the amplification around
4 d before the onset over the eastern North Atlantic (Figs. 6f
and 4a). In comparison, onset PVAs™ following the upstream
pathway experience a decreasing contribution of DIV to
the amplification once they reach the east coast of the United
States. The different timing in reaching the North Atlantic
thus provides explanations for the variability in the DIV
contribution to the onset PVA™ amplitude evolution.

Centered composites of upper-tropospheric PV anomalies
and WCB activity on the onset PVAs™ (Fig. 8) highlight
WCB activity in the upstream flank of the PVAs™, which
is in good agreement with the theoretical understanding that
WCBs amplify a downstream ridge in the upper troposphere
(Wernli, 1997; Grams et al., 2011; see Fig. 1 of Quinting
and Grams, 2021). WCB inflow in the lower troposphere is
located to the southwest of the upper-tropospheric PVA™,
WCB ascent is slightly shifted to the north of WCB inflow
and in the southwestern corner of the PVA™, and WCB out-
flow resides in the northwestern or even northern part of
the PVA™.

Weather Clim. Dynam., 5, 633-658, 2024

A good spatial agreement is found for WCB outflow fre-
quency and the occurrence of amplifying DIVg;, contribu-
tions for both onset PVA™ pathways (Fig. 8). Following the
retrogression pathway, WCB outflow occurs consistently be-
fore and even shortly after onset (Fig. 8, upper-row panels).
Although the contribution of DIV, decreases in the 4 d be-
fore the GL onset in an integrated sense, it still strengthens
the onset PVA™ amplitude around the onset (Fig. 6f). The
strongest WCB activity in the retrogression pathway occurs
early before the onset (Fig. 8a) and is most likely linked
to synoptic-scale cyclone activity upstream (see Fig. 3, low
MSLP in blue). The ongoing WCB activity on the upstream
flank of retrograding onset PVA™ suggests that moist pro-
cesses on the northwestern flank of the onset PVAs™ impor-
tantly aid the retrograding propagation by continuously re-
building a negative PVA™ on its upstream flank. The spatial
extent of onset PVAs™ measured by the extent of PV anoma-
lies (dashed contours) indicates that retrograding PVAs™ ex-
hibit a larger and in particular more zonally elongated area
than the more compact upstream PVAs™ — a requirement for
circulation anomalies to retrograde in the typical thinking of
barotropic wave propagation. However, the high frequency
of WCB outflow identified here potentially extends the area
of the onset PVAs™ on its western flank which might criti-
cally support the westward propagation of the onset PVAs™.
This highlights that the retrogression of blocks might not be
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purely barotropic and therefore linked to dry dynamics but
also involve an important moist-diabatic component.

In comparison to the retrograding onset PVAs™, an in-
crease in WCB outflow frequency towards the onset is found
for PVAs™ that reach Greenland from upstream (Fig. 8,
lower-row panels). This points to a more important role of
moist processes in the few days before the onset compared
to earlier times for the onset PVAs™ following the upstream
pathway and is in line with the higher contribution of DIV 4y
to the amplification (Fig. 6f). In particular 1 d before GL on-
set, the structure of the WCB is well represented, and we
find a very accurate agreement between amplifying tenden-
cies of DIVg;, and high WCB outflow frequencies (Fig. 8g).
The seasonal stratification of WCB activity around GL onset
(Fig. S4) highlights the known marked differences in WCB
detection in winter compared to summer (see Madonna et al.,
2014). Still the qualitative picture is similar independent of
the season with enhanced WCB activity on the upstream
flank of the incipient block prior to and maximized just be-
fore onset.

Overall, the agreement between WCB outflow and the
contribution of DIV ;, to the amplification of the onset PVA™
amplitude matches well and therefore supports the close
link between amplitude-strengthening DIV 4;, tendencies and
moist processes in WCBs.

4 Maintenance and decay of Greenland blocking

Since the longevity of the GL pattern can provide conditions
for extreme weather, it is of interest to understand which pro-
cesses further strengthen GL after the onset until the maxi-
mum life cycle stage is reached. In addition, it is still not clear
why and how a block weakens. Therefore, we investigate the
PV dynamics around the maximum life cycle stage to provide
insights into the key question: which processes maintain the
block over Greenland and finally lead to the decay?

4.1 Contribution of several PVAs™ to a full blocking
life cycle

A complex behavior of PV anomalies during a blocking
episode was previously noted in passing by Schneidereit
et al. (2017) and indicated by Hauser et al. (2023b) for an-
other blocking episode. To here demonstrate this complex
behavior more explicitly, we briefly look at a long-lived
GL regime life cycle in winter 2009/2010, which led to cold
temperatures over western and northern Europe (e.g., Catti-
aux et al., 2010).

The Iwr of GL exhibits two maxima during the life cy-
cle from 11 December 2009 to 10 January 2010 (Fig. 9a),
which is in contrast to the unimodal course of the Iwg for the
EuBL regime life cycle (see Fig. 3 of Hauser et al., 2023b).
This suggests phases of re-intensification of a blocked pattern
for longer-lasting regime life cycles and enables a novel an-
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gle on blocking from a regime perspective, which allows for
more transient behavior than classical blocking detection al-
gorithms (e.g., Schwierz et al., 2004, with their strict overlap
criterion). The temporal overlap of PVAs™ with the regime
mask over Greenland closely reveals the same evolution as
the Iwr of GL (Fig. 9b, black and blue lines). Several in-
dividual and independent PVAs™ dominate the anticyclonic
circulation over Greenland intermittently, pointing to a tran-
sient behavior of PVAs™ close to Greenland during an ac-
tive GL life cycle (Fig. 9b, colored lines). One PVA™ ex-
hibits a large spatial overlap with the regime mask and de-
termines the onset of the GL life cycle (onset PVA™, blue
line in Fig. 9b). However, within the regime life cycle, an-
other PVA™ propagates towards Greenland (not shown) and
merges with the onset PVA™ (green line). This PVA™ solely
describes the block over Greenland for the period 13—26 De-
cember. After the regime maximum, the Iwr of GL decreases
temporarily, followed by another increase around 27 Decem-
ber (Fig. 9a). The overlap of the PVA™ around the maximum
stage with the regime mask decreases towards this local min-
imum in I'wr (green line, Fig. 9b) but then merges with a new
PVA™ (red line) around 26 December, which propagates to-
wards Greenland. This new PVA™ is linked to the second
peak in Iwr on 3 January 2010 (Fig. 9a), which constitutes
a reinforcement of the GL regime life cycle. Although it un-
dergoes splitting and merging events (red to violet to brown
lines, Fig. 9b), this PVA™ remains over Greenland in the pe-
riod from the second Iwr peak to the end of the life cycle
(9 January) and even beyond.

This illustrative case highlights that different PVAs™ rep-
resent the block over Greenland at different life cycle days,
complicating a systematic investigation of blocking life cy-
cles. An analysis was conducted on how many PVAs™ con-
tribute to a single GL life cycle, where only PVAs™ were
counted that exhibit a spatial overlap with the regime mask of
at least 10 % for a minimum duration of 12h. Around 20 %
of the GL life cycles were associated with a single PVA™.
Two PVAs™ are linked to a regime life cycle in 22 % of all
regime life cycles, three PVAs™ for 20 %, and four PVAs™
for 18 %, and more than four PVAs™ were found in 20 % of
all GL regime life cycles. The differences in the number of
contributing PVAs™ motivates the definition of a single max-
imum PVA~™ for each regime life cycle. Equivalent to the
onset PVA™, we define the maximum PVA~™ as the PVA™
which has the largest spatial overlap with the GL regime
mask in the period £1 d around the GL maximum stage. We
further refer to this PVA™ as “max PVA™”. In the case of
the GL regime life cycle in winter 2009/2010 (Fig. 9b), the
PVA™ represented by the green line would be identified as
the max PVA™. In 103 out of 177 GL life cycles (58.2 %),
the max PVA™ is the same PVA™ as the onset PVA™.
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Figure 9. (a) Evolution of the Iwg around the GL regime life cycle in winter 2009/2010. Each line shows the Iwr for one of the seven
weather regimes. Thick lines point to active regime life cycles (see Sect. 2.2 for details). Gray shading marks the lifetime of the GL regime
life cycle from onset to decay. Vertical black lines point to the onset and decay time and dashed vertical line to the maximum stage. (b) Iwr
of GL (thin blue line, right y axis), full overlap of PVAs™ with the GL regime mask (thick black line, left y axis), and upper-tropospheric
PV anomaly amplitude within the GL regime mask (horizontal bar in the lower part of the figure and colorbar). Each colored line (see legend)

characterizes the temporal evolution of the overlap with the regime mask of a single PVA™.

4.2 Evolution of max PVAs™ around the maximum
stage

From a traditional blocking perspective, the blocking anticy-
clone exhibits a slower propagation and is nearly stationary
during its maximum manifestation (e.g., Steinfeld and Pfahl,
2019). Such a behavior is also expected from the regime life
cycle perspective around the maximum stage. However, the
strengthening (weakening) of the Iwg before (after) the max-
imum stage can be associated with either a strengthening
(weakening) of a quasi-stationary PVA™ within the regime
mask or the migration of a PVA™ into (away from) the regime
mask. Figures 10 and 11 present snapshots of the large-scale
PV pattern around the maximum stage, PV tendency com-
posites centered on max PVAs™, and the amplitude evolution
of max PVAs™ including the different contributions. Note
again that the sign of the integrated PV tendencies is defined
such that positive (negative) values always indicate amplifi-
cation (weakening) of the max PVAs™.

Weather Clim. Dynam., 5, 633-658, 2024

4.2.1 Evolution before the maximum stage

In the days before the maximum stage, the GL pattern still
sets in, and in particular the ridge over Greenland intensi-
fies and spreads northward (Fig. 10a and b). The troughs
upstream and downstream of Greenland further deepen and
create the U-shaped area of positive upper-tropospheric
PV anomalies, which is evident in the mean composite of
GL regime life cycles (see Fig. 1b). A stationary behavior is
identified for max PVAs™ around the maximum stage within
the GL regime mask (green contour lines in Fig. 10a and b).
This fits the findings of Steinfeld and Pfahl (2019), who
looked at the maximum stage of blocking where a reduced
propagation speed of blocks was found compared to the on-
set stage.

The stationarity of the max PVAs™ and the increasing Iwgr
towards the maximum stage suggest changes in the ampli-
tude of the max PVAs™. Indeed, we find that max PVAs™
are further amplified in the days before the maximum stage
(Fig. 10e). The observed strength of the amplification de-
clines towards the maximum stage and turns negative 2 d be-
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fore the maximum stage (gray line), indicating the beginning
of a decrease in max PVA™ amplitude.

The strengthening in the max PVA™ amplitude before
the maximum stage is dominated by DIVg;, (Fig. 10e). The
strong amplifying contributions of DIVy;, are located in the
northwestern corner of max PVA™, which is the typical lo-
cation of moist-dynamical WCB activity linked to divergent
outflow in the upper troposphere (Fig. 10c and d). This points
to an important contribution of moist processes to the rein-
forcement of blocks before they reach the maximum stage
and agrees well with investigations of previous studies (e.g.,
Steinfeld and Pfahl, 2019; Barrett et al., 2020). Additionally,
UP makes a further and major contribution to the amplifica-
tion of max PVAs™. Strong amplifying tendencies of UP on
the upstream flank are linked to the presence of a pronounced
trough upstream of the max PVA~™ (Fig. 10c—e). The con-
tribution of UP declines simultaneously with the amplitude
change and turns negative 1 d before the GL maximum stage.
This is probably linked to the downstream development with
the growing trough over Europe (Fig. 10a and b). LOW ex-
hibits a different behavior compared to DIVg;, and UP, with
an increasing and overall positive contribution to the total
amplitude change towards the maximum stage (Fig. 10e).
Negative tendencies of LOW prevail on the downstream
flank of the max PVAs™ and lead to a strong amplification
(Fig. 10c and d). The decreasing contribution of UP and
the increase in LOW suggest moist-baroclinic downstream
development, as mentioned in Teubler and Riemer (2021).
The positive contribution of Bnd in the period —5 to —3d
is dominated by the area change term (not shown) and indi-
cates a natural growth of the max PVAs™ or even a growth
in anomaly size by the merging of small-scale PVAs™ into
the max PVAs™ (Fig. 10e). In contrast, the negative contri-
bution of Bnd shortly before the maximum stage indicates
amplitude weakening, probably linked to a shrinking of the
max PVA™ size. This suggests that the starting decay of the
regime after the maximum stage co-occurs with a decrease
in amplitude of max PVAs™.

4.2.2 Evolution after the maximum stage

The large-scale PV pattern exhibits similarities to the mean
pattern of GL around 1 d after the maximum stage (Fig. 11a)
but already indicates a weaker ridge over Greenland com-
pared to the day before the maximum stage (Fig. 10b). The
ridge further weakened and reduced in northward extent 3 d
after the maximum stage (Fig. 11b). The upper-tropospheric
PV anomaly field indicates a possible retrogression of the
ridge towards Canada. From the perspective of max PVAs™,
the max PVA™ frequency (green lines) remains nearly un-
changed 1d after the maximum compared to the day before
the maximum (Figs. 10b and 11a), indicating the station-
arity of max PVAs™ even in the days after the maximum
stage. However, the frequency of max PVAs™ declines and
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could indicate either a high variability in the position of max
PVAs™ or a local decay of max PVAs™ over Greenland.

Max PVAs™ experience a strong decrease in amplitude af-
ter the maximum stage (Fig. 11e). The first contribution to-
wards a decline in the amplitude is kicked off by Bnd (see
Fig. 10e), suggesting a weakening of max PVAs™ by a de-
crease in anomaly area and eddy fluxes that advect low-PV
air out of the max PVA™ area. This is followed by UP, which
switches sign from positive to negative around 1 d before the
maximum stage and exceeds the negative contribution of 5nd
shortly after the maximum stage. UP as the leading contri-
bution to the decay of ridges has already been quantified in
Teubler and Riemer (2021), was attributed to an asymmetry
between the troughs upstream and downstream of the ridge,
and essentially signifies downstream dispersion of Rossby
waves. Here, the trough over Europe is more pronounced
than the upstream trough, which leads to pronounced positive
PV tendencies on the downstream flank of the max PVAs™
(Fig. 11a—d).

The decrease in max PVA™ amplitude is furthermore
driven by a decreasing contribution of moist processes, as
described by DIV, (Fig. 11e). Figure 11c and d even show
dominating positive tendencies of DIVy;, southeast of the
max PVA™ center, probably linked to large-scale subsidence.
This strong decrease in the contribution of moist processes to
an amplification after the maximum stage agrees well with
previous findings of Barrett et al. (2020), who found intense
high integrated vapor transport (IVT) values before the max-
imum stage of Greenland blocking and a strong decrease
in IVT afterward. It furthermore supports the hypothesis of
Hoskins (1997) that blocking decay is linked to the break-
down of the maintenance process, which is, in this case, the
contribution of moist processes.

Whereas most PV tendency terms turn negative shortly
before and after the maximum stage, LOW stays positive
and counteracts the net decrease in amplitude (Fig. 11e).
This points to a favorable phase shift between the upper-
tropospheric PV anomalies and the lower-tropospheric tem-
perature wave, which leads to amplification of the max
PVAs™ by baroclinic coupling. Here, the strengthening takes
place in the eastern half of the anomaly, i.e., on the down-
stream flank, and decreases with time lag after the maximum
(Fig. 11c and d).

4.3 Full life cycle dynamics

The length of GL regime life cycles is subject to high vari-
ability and can range from 5 to more than 21d (Fig. Ala
and b). This limits the analysis in Sect. 4.2 that is performed
for lagged days around the maximum stage. Therefore, in a
last step, we want to account for the full life cycle from the
onset to the decay stage. Figure 12 displays the mean net
PV tendencies integrated over the max PVAs™ in the period
from onset to decay for times when the max PVA™ existed.
Weighted by the total days between onset and maximum and
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Figure 12. Net effect of amplitude evolution of max PVAs™ be-
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stage and decay (b).

maximum and decay, this allows for an investigation of the
full life cycle, independent of life cycle length.

A positive net amplification of max PVAs™ occurs in the
first part of the GL life cycle from onset to the maximum
stage (Fig. 12, left-side panel). DIVgjy is the key net contri-
bution to the amplification, revealing a dominant importance
of moist processes. The net contributions of LOW and UP are
of secondary importance. 5nd dampens the amplification, al-
though the net effects of the sub-terms of Bnd (Eq. B1) are of
different sign, with a dominant dampening of the amplitude
by the eddy flux convergence term but a slight strengthen-
ing as the result of a net growth in max PVA™ area. The net
contributions of DIV ,q, and RES are negligibly small.

In contrast, max PVAs™ experience a net decrease in am-
plitude from the maximum to the decay stage of GL life cy-
cles (Fig. 12, right side panel). The leading contributions to
the decay arise from UP and Bnd. This time, both sub-terms
in Bnd weaken the amplitude, which points to a decrease
in max PVA™ area (not shown). The net effect of LOW is
strongly positive and highlights the baroclinic-coupling after
the maximum stage. The strongly decreased contribution of
DIVgiy to the amplification of max PVAs™ compared to the
period before the maximum stage indicates the lack of moist
processes, which would act as a maintenance mechanism for
blocking over Greenland.

The insights obtained from the analysis of the full life cy-
cle from onset to maximum and maximum to decay agree
well with the analyses in Sect. 4.2, indicating that the inves-
tigation of the few days around the maximum stage could
already be sufficient to disentangle the dynamics of the max-
imum stage. Furthermore, together with Fig. 10, we can con-
clude that the amplitude maximum of max PVAs™ is some-
how connected to the maximum in the blocking regime life
cycle.
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5 Summary and conclusion

In this study, we systematically investigated the dynamics of
Greenland blocking based on ERAS reanalysis data. For the
first time we employed a novel quasi-Lagrangian PV per-
spective in a climatological way to disentangle contribu-
tions from dry and moist dynamical processes in a consistent
framework. Using an objective blocking regime life cycle
definition, insights were gained into the processes that gov-
ern the onset, maintenance and decay of blocking. A quasi-
Lagrangian PV framework, originally developed in Hauser
et al. (2023b), was applied to Greenland blocking life cycles
to gain information on the propagation and origin of partly
transient PVAs™ constituting the block over Greenland. Us-
ing a piecewise PV tendency framework, we were able to
quantify the relative contributions of dry and moist processes
in the amplitude evolution of PVAs™ for all Greenland block-
ing regime life cycles in 43 years of reanalysis.

Two distinct pathways of PVAs™ to Greenland were found
in the days before Greenland blocking onset from the quasi-
Lagrangian perspective. The first pathway (“upstream path-
way”) comprises PVAs™ that reach Greenland from the
southwest and originated from North America. The sec-
ond and dominating pathway (“retrogression pathway”’) de-
scribes the propagation of PVAs™ that originated also from
North America but are located over northern Europe a few
days before the blocking onset and retrograded westward
towards the onset time. Often, this retrogression has been
linked to cyclonic Rossby wave breaking before Greenland
blocking events (Woollings et al., 2008; Michel and Riviere,
2011) or to eddy forcing on the synoptic scale (Mullen, 1987;
Teubler et al., 2023). Multiple studies pointed to blocking
over Scandinavia as a precursor pattern (e.g., Vautard, 1990;
Biieler et al., 2021) or identified retrograding PV anomalies
linked to blocking to the east of Greenland before blocking
(e.g., Croci-Maspoli et al., 2007; Preece et al., 2022; Teubler
et al., 2023). Here, we were able to systematically extract,
for the first time, the different pathways of PVAs™ to Green-
land from the novel quasi-Lagrangian approach developed in
Hauser et al. (2023b).

The investigation of the amplitude evolution of PVAs™ on
their way to Greenland showed a continuous amplification
in the days before the blocking onset. Thereby, the timing in
maximum amplification poses the main difference between
the two identified pathways. Retrograding PVAs™ experi-
ence an early peak several days before the onset, when the
PVAs™ still exhibit an eastward propagation from the North
Atlantic region towards northern Europe. In contrast, up-
stream PVAs™ are strongly amplified later around 1-2 d be-
fore the onset. Although previous studies recommend split-
ting up process-based analyses into seasons, we found more
distinct differences in the dynamics between the pathways
than between individual seasons, leaving aside pure differ-
ences in amplitude strength that arise due to weaker baro-
clinicity in summer. This result is in line with Teubler et al.
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(2023), who obtained two different modes of variability to
blocking over Greenland and showed that the differences in
the dynamics are much more pronounced between the modes
than between the seasons.

Divergent PV tendencies, which indirectly point to moist
processes, play a key role in the amplification of PVAs™ in-
dependent of the pathway. This is in line with the studies of
Pfahl et al. (2015) and Steinfeld and Pfahl (2019), who found
an important contribution of diabatic heating to the forma-
tion of blocking. We were able to further link the increase in
PVA™ amplitude by strong contributions of divergent PV ten-
dencies to WCB activity over the North Atlantic. Although
upstream PVAs™ are associated with more WCB activity,
the quasi-Lagrangian perspective also revealed two periods
of PVA™ amplification for PVAs™ following the retrogres-
sion pathway. First, retrograding PVAs™ originate from the
western North Atlantic early on before the GL onset and are
amplified by moist processes during their propagation over
the North Atlantic. Second, we show that the retrogression
of PVAs™ not only occurs dry-dynamically but is addition-
ally enhanced by moist-dynamical activity on the anomalies’
western flank, supporting the westward propagation towards
Greenland. This confirms a previous hypothesis of Preece
et al. (2022) of the additional role of diabatic processes for
the westward displacement of blocks. The fact that moist pro-
cesses are of primary importance for blocking onset from
the quasi-Lagrangian perspective but are of minor impor-
tance from an Eulerian perspective in Teubler et al. (2023)
is, at first glance, contradictory. However, in agreement with
Hauser et al. (2023b), this is the result of different perspec-
tives and rather complements the dynamical picture of block-
ing: moist processes occur upstream or downstream of the
Greenland blocking domain and are missed from the Eule-
rian approach that takes into account only processes within
the blocking region. The propagation of PVAs™ from a quasi-
Lagrangian point of view is contained in the strong domi-
nance of the linear, quasi-barotropic dynamics and nonlinear
eddy fluxes of Teubler et al. (2023).

With a focus on the dynamics within the life cycle of
blocking, we found that the amplitude evolution of the sta-
tionary PVAs™ is closely related to the maximum in the
blocking life cycle. Main contributions to the further ampli-
fication of PVAs™ after blocking onset arise mainly from di-
vergent PV tendencies linked to moist processes. This agrees
well with previous results of Barrett et al. (2020), who found
intense moisture fluxes along the western flank of partic-
ularly extreme Greenland blocking events, pointing to an
important maintenance mechanism for blocks. Upper-level
wave dynamics and baroclinic interaction play an amplifying
role on the PVAs™ amplitude, too. This agrees also well with
findings of Teubler and Riemer (2021), who studied mecha-
nisms leading to the maximum amplitude in ridges as part
of RWPs. After the maximum life cycle stage is reached,
PVAs™ start to weaken. The contribution of moist processes
declines, referring to an earlier point of Woollings et al.
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(2018) that the decay process of blocking is linked to the lack
of a maintenance process. The main contribution to the am-
plitude decrease evolves from upper-tropospheric wave dy-
namics and from the boundary term, whereby the latter sug-
gests a strong decrease in the PVA™ size and a diffusive ef-
fect of eddy fluxes within the PVA™ that announces blocking
decay. This result was also reported in Teubler and Riemer
(2021) for the weakening of ridges after they reached their
maximum in amplitude.

In conclusion, we discovered two distinct pathways
of PVAs™ for Greenland blocking using a novel quasi-
Lagrangian perspective. In agreement with Pfahl et al. (2015)
and Steinfeld and Pfahl (2019), the results emphasize the
importance of moist processes in the formation and mainte-
nance of blocking anticyclones, which motivates a close in-
vestigation of the involved processes in climate models and
their role for predictability. We demonstrated that the moist-
baroclinic evolution is hidden in terms describing Rossby
wave dynamics and baroclinic interaction in Eulerian frame-
works (e.g., Teubler et al., 2023). We are currently investi-
gating the PV dynamics of other blocked regime types in the
North Atlantic—-European region from the quasi-Lagrangian
perspective complementary to the Eulerian perspective by
Teubler et al. (2023). Taking the two perspectives together
supports a more complete understanding of blocking dynam-
ics.

Appendix A: Derivation of the piecewise PV tendency
equation from a quasi-Lagrangian perspective

Equivalent to Teubler and Riemer (2016, 2021), we insert
Eq. (2) into the first term on the right-hand side (RHS)
of Eq. (4) and use the partitioning of the full wind field
(see Eq. 3). The second term on the RHS of Eq. (4) has
been directly calculated with the explicit calculation of g¢ in
previous studies (e.g., Teubler and Riemer, 2016, 2021) and
is negligibly small compared to the first term. However, in
agreement with Teubler et al. (2023) (see their Appendix A),
we translate Eq. (2) into a tendency equation for gg such that
we can take into account the contributions of different pro-
cesses to the change in background PV:

990 _ [9q
ot Jat

>= (—v-V4q) + (\). (A1)

Here, () is a mean operator that consists of averages between
1980-2019 for each calendar day and a subsequent running
mean (£15d) — equivalent to the calculation of g¢ and vo.
Putting together Eqgs. (2), (4), and (A1) and using the par-
titioned wind field (Eq. 3) yield the final equation for the
amplitude evolution of PV anomalies in Eq. (5). The main
difference to Hauser et al. (2023b, their Eq. 9) is the subtrac-
tion of a climatological background term for each sub-term
of the equation and the elimination of the term describing the
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advection of background PV by the background wind field
(=vo - Vqo).
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Appendix B: Estimation of the boundary term Bnd and
reasons for deviations between DIAG and OBS

The boundary term Bnd reveals similarities with Bnd in
Hauser et al. (2023b) and can be estimated accordingly as

Bnd = ?gq’(vs—v)dsz—/V-(vq’)dA

S(t) A()

- /(—V-(vq/))dAJr fq/(vyn)dS

A() S(1)

w—/V-(vq/)dA—/(—V-(vq’))dA-l—ﬁ’-AA, (B1)
A(t) A1)

with g’ as the average of ¢’ along the boundary S(¢) and
A A taken from the observed area change in the PV anomaly.
Bnd exhibits major contributions to the amplitude change
for (i) strong eddy flux divergence/convergence within the
anomaly area or (ii) when the area strongly changes between
two consecutive time steps (occurs often during splitting and
merging events).

The following factors (can) limit the closeness of the
PV tendency budget as measured by the difference between
DIAG and OBS: (i) the lack of NONCONS in this study,
(ii) uncertainties from the partitioning of the wind fields,
(iii) comparison of instantaneous tendencies with a finite dif-
ference of 3h, (iv) limitation of PV tendencies to the do-
main 25-80° N, and (v) abrupt changes in the PV anomaly
area A(r) that are often linked to splitting and merging and
lead to exceptional high values of Bnd.
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