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Abstract. Atmospheric blocking describes a situation in which a stationary and persistent anticyclone blocks the eastward prop-
agation of weather systems in the midlatitudes and can lead to extreme weather events. In the North Atlantic-European region
blocking contributes to life cycles of weather regimes, which are recurrent, quasi-stationary, and persistent patterns of the large-
scale circulation. Despite progress in blocking theory over the last decades, we are still lacking a comprehensive, process-based
conceptual understanding of blocking dynamics. Here we combine three different perspectives on so-called *blocked’ weather
regimes, namely the commonly used Eulerian and Lagrangian perspectives, complemented by a novel quasi-Lagrangian per-
spective. Within the established framework of mid-latitude potential vorticity (PV) thinking, the joint consideration of the three
perspectives enables a comprehensive picture of the dynamics and quantifies the importance of dry and moist processes during

a blocked weather regime life cycle.

We apply the diagnostic framework to a European Blocking weather regime life cycle in March 2016, which was associated
with a severe forecast bust in the North Atlantic-European region. The three perspectives highlight the importance of moist
processes during the onset or maintenance of the blocked weather regime. The Eulerian perspective, which identifies the pro-
cesses contributing to the onset and decay of the regime, indicates that dry quasi-barotropic wave dynamics and especially the
eastward advection of PV anomalies (PVAs) into the North Atlantic-European seetor-region dominate the onset of the regime
pattern. By tracking the negative upper-tropospheric PVA associated with the ‘block’, the quasi-Lagrangian view reveals, for
the same period, abrupt amplification due to moist processes. This is in good agreement with the Lagrangian perspective in-
dicating that a large fraction of air parcels that end up in the negative PVA experiences diabatic heating. Overall, the study
shows that important contributions to the development take place outside of the region in which the blocked weather regime
eventually establishes, and that a joint consideration of different perspectives is important in order not to miss processes, in

particular moist-baroclinic dynamics, contributing to a blocked regime life cycle.

1 Introduction

Atmospheric blocking is a phenomenon in the mid and high latitudes where stationary, long-lived high pressure systems disrupt

the mean westerly flow and ‘block* the propagation of weather systems (e.g. Rex, 1950; Steinfeld and Pfahl, 2019). Thereby,
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blocking does not only mean the block itself but also the circulation pattern in which the block forms the dominant part, such
that blocking can be considered from the perspective of so-called weather regimes. These large-scale, quasi-stationary and
recurrent atmospheric circulation states make up an important part of the extratropical atmospheric variability on intraseasonal
time scales (Vautard, 1990; Michelangeli et al., 1995; Cassou, 2008). Low-frequency circulation regimes affect continent-size
regions for several days and modulate the location and intensity of synoptic-scale weather systems that determine surface
weather (Yiou and Nogaj, 2004). The weather regimes that are dominated by an anticyclonic circulation anomaly which essen-
tially is also identified as atmospheric blocking are here referred to as "blocked’ regimes. Low-frequeney-eireulationregimes
determine—surface—weather-(Yiou-and Negaj; 2004)—Due to their stationarity, these regimes can regionally lead to extreme
weather events (Kautz et al., 2022), such as flooding (Houze et al., 2011; Hong et al., 2011), heat waves and associated droughts
(Pfahl and Wernli, 2012; Lavaysse et al., 2018; Alvarez-Castro et al., 2018), cold spells (Sillmann et al., 2011; Buehler et al.,
2011; Ferranti et al., 2018), and storms (Donat et al., 2010; Grams et al., 2017). In terms of predictability, weather regimes
have an undisputed importance in forecasting, as they shape the sub-seasonal ’predictability desert’ between medium-range and
seasonal forecasts (Vitart et al., 2012; Cortesi et al., 2021). Enhanced predictability may be expected for regimes that feature
prominent anticyclonic circulation anomalies because, once established, anticyclonic anomalies exhibit slower decay rates than
cyclonic anomalies, suggesting a self-sustaining nature of anticyclonic anomalies (e.g. Shutts, 1983). However, state-of-the-art
numerical weather prediction models struggle with the correct representation of regimes dominated by anticyclonic anomalies
where especially the onset and maintenance of the *blocked’ circulation pattern pose a difficulty (Ferranti et al., 2015; Mat-
sueda and Palmer, 2018; Grams et al., 2018).

Existing studies on the dynamics of blocked circulation patterns address various aspects of a blocking life cycle using dif-
ferent approaches and addressing different spatial and temporal scales: Important processes on large scales are wave dynamics
(Austin, 1980), wave resonance to a given forcing (Petoukhov et al., 2013), the role of topography in the initiation of blocking
on the planetary scale (Charney and DeVore, 1979; Grose and Hoskins, 1979), and the impact of tropical heating (Henderson
etal., 2016). A notable study in this context by Nakamura and Huang (2018) discusses the onset of a block by the convergence
and the subsequent constrained zonal propagation of wave activity as a jet stream ‘traffic jam’. On smaller spatial scales, studies
have found an effect of enhanced transient activity (Nakamura and Wallace, 1990) and especially the role of upstream cyclones
by the transfer of vorticity and momentum to the block (Nakamura and Wallace, 1993). However, it is not only the individual
mechanisms at different scales --but the scale interaction that is of importance for the onset and the blocking maintenance stage
(e.g., Shutts, 1983; Nakamura et al., 1997; Luo et al., 2014; Miller and Wang, 2022). For example, one theory for maintaining
a block by the interplay of different scales is based on the idea that an existing mature block absorbs smaller-scale eddies of
the same polarity and thus re-enforces itself (Yamazaki and Itoh, 2009). While the theories described above are more related to
the ‘dry’ dynamics, studies in recent years emphasize the importance of moist-diabatic processes in modifying the midlatitude
flow in the upper troposphere (Grams et al., 2011; Pfahl et al., 2015; Steinfeld and Pfahl, 2019; Teubler and Riemer, 2021).

Warm conveyor belts (WCBs) — rapidly ascending airstreams in the vicinity of extratropical cyclones - play an important role
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here, because latent heat release in the midlatitudes occurs mostly within WCBs, and WCBs transport low-tropospheric air
to the upper troposphere leading to divergent out ow near the tropopause (Wernli, 1997; Madonna et al., 2014; Pfahl et al.,
2015; Steinfeld and Pfahl, 2019). All the studies mentioned above handle different mechanisms of blocking dynamics and
contribute to a signi cant progress in diverse blocking dynamic theories. However, so far the individual mechanisms have not
been considered together to get a complete, comprehensive picture of the blocking dynamics (Lupo, 2021).

In this study, we make use of potential vorticity (PV; Rossby, 1940; Hoskins et al., 1985) as a key variable in atmospheric
dynamicsin-ereerto capture the balanced dynamics of regimes. Low PV air masses are advected poleward during blocking,
leading to anticyclonic anomalies in the upper troposphere associated with a meridional ampli cation of Rossby waves. Teubler
and Riemer (2016, 2021) have developed a quantitative framework based on Ertel PV (Ertel, 1942) that allows the decompo-

sition of the total change in PV into different processes that contribute to the evolution of upper-tropospheric PV anomalies

lution of troughs and ridgeQuasi-barotropicPV tendencies are associated with upper-tropospheric linear wave dynamics
and describe the advection of PVAs by the background ow and the advection of background PV by the ow associated with
PVAs (intrinsic wave propagation). The impact of lower-tropospheric PVAs on upper-tropospheric PVAs is deschbeat by

clinic PV tendenciesDivergentPV tendencies are due to PV advection by the divergent wind, which incorporates the impact
of WCB out ow on upper-tropospheric PV. The direct impact of diabatic processes on the PV distribution is represented by

non-conservativ®V tendencies.

The setup of diagnostics in this study consists of three complementary appréaehdsrto look at blocking dynamics
from various perspectives and to distinguish between identi ed mechanisms from previous studies on different temporal and

weather regime classi cation in the North Atlantic-European region by Grams et al. (2017). The rst perspective — referred
to as "Eulerian’ perspective in the following — is methodologically related to the well-known weather regime thinking, in
which projections of a current eld onto a mean regime eld are used to obtain life cycles of weather regimes (Michel and

Riviere, 2011; Grams et al., 2017). Several studies in the past have looked at regime dynamics and especially the transition
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associated with the dominant anticyclonic circulation anomaly of a blocked weather regime pattern. This "quasi-Lagrangian”
approach is strongly leaning on the blocking identi cation method of Schwierz et al. (2004) based on upper-tropospheric an-
ticyclonic PV anomalies. A new objective tracking algorithm, which detects and quanti es the effect of splitting and merging
of PVAs, enables an integrated investigation of the selective absorption mechanism by Yamazaki and Itoh (2009) mentioned
above. The PV framework of Teubler and Riemer (2016) was originally used for ridges and troughs (identi ed as negative and
positive PVAs) within a Rossby wave packet aneiisv-generattyhereapplied to upper-tropospheric negative PVAs to quan-
tify the processes associated with the PVA amplitude chahggHgure 1b). The quasi-Lagrangian perspective allows us to
determine the origin of PVAs that evolve into blocking anticyclones and, for the rst time, to determine the contribution of dry
and moist dynamics to the amplitude evolution of PVAs using piecewise PV tendencies. The third perspective is Lagrangian
in nature and is based on trajectory thinking, which has been used in studies by Pfahl et al. (2015) and Steinfeld and Pfahl
(2019) to investigate the air masses associated with blocking. By calculating backward trajectories of air parcels from blocking
anticyclones, it is possible to investigate how these negative upper-tropospheric PVAs have been created and if diabatic heating
and therefore "moist' dynamics have played an important refgKigure 1c).

The purpose of this study is to demonstrate howcombining the three perspectiyesholistic viewen-of the dynamical
evolution of a blocked regime life cycle can be achieved. We use a European Blocking (EuBL) regime life cycle in March
2016, which was sensitive to moist-baroclinic development during the onset stage (Magnusson, 2017; Grams et al., 2018), as
an illustrative case study. The paper is organized as foll@gst-Section2 introduces the data sets and provides a detailed

overview of the three different perspectives that are combined in this study. The EuBL life cycle in March 2016 is presented in
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by projecting different upper-tropospheric PV tendency terms onto the mean regime pattern. Black solid (dashed) contours schematically
show the PV pattern for the EuBL regime and therefore the location of positive and negative upper-tropospheric PVAsd Rack)

backward trajectories from a negative PVA (starting points marked with a black cross).

2 Data and Methods
2.1 Data

This study is based on the reanalysis data set ERAS of the European Centre for Medium-Range Weather Forecasts (ECMWF)
which is available from 1950 to the present (Hersbach et al., 2020). We use data for the period January 1, 1979 — Decembel
31, 2019, remapped from the original T639 spectral resolution to a regular latitude-longitude grid. For the identi cation of
upper-tropospheric PVAs in the quasi-Lagrangian approach, we select ERA5 model level data for maximum possible vertical
resolution, with a temporal resolution of 3 hours and a horizontal grid spaciti§ ofWe use spatially coarser dafia ) for the

PV inversion, also with 3-hourly resolution and with 17 pressure levels (1000, 950, 925, 900, 850, 800, 700, 600, 500, 400, 300,
250, 200, 150, 100, 70, arud hPa). Mean temperature and wind tendencies at model levels from ERA5 short-range forecasts
serve to estimate non-conservative processes with a spatial resolutidh af the horizontal and a temporal resolution of

1 hour. ERAS provides these tendencies accumulated over the previous hour, from which we calculate a 3-hourly mean around
analysis time (e.g. taking the mean of data valid at 2, 3 and 4 UTC for the analysis at 3UTC). We here distinguish between

tendencies from all parameterizations and non-radiative parameterizations.
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2.2 PV framework: Quanti cation of individual processes

This work uses Ertel's PV as q= 1( + f) (Ertel, 1942) in its hydrostatic approximation on isentropic levels, wheis
the component of relative vorticity perpendicular to an isentropic surfatiee Coriolis parameter and= g (@p=@the
isentropic layer density with gravity, pressurg, and potential temperature The PV tendency equation is given by isentropic
advection and non-conservative PV modi catidw );

@q

Q- VT q+N; (1)

with v = ('u;v;0) the harizontalisentropic wind vector and the gradient operator along an isentropic surface. The non-

conservative PV modi cation is given by
i
gq+f(r v+fk) r —+k (r v) ; @)

with k =(0;0;1) the unit vector perpendicular to an isentropic surfadie non-conservative heating raam,dv the sources

N =

stateqo

dimensional distribution of PVAs can be further separated |nt0 upper tropospherrc and lower- tropospherlc PV (and tempera-

onesan

ture) anomalies
barocliniewavesyrespectiveh(Davis-etal1996;Feublerand-Riemer-2016). Here, the separation level of upper-tropospheric
and lower-tropospheric PV anomalies lies between 600 and 650 hPa. Piecewise PV inversion with the non-divergent wind eld
under nonlinear balance (Charney, 1955; Davis and Emanuel, 1991; Davis, 1992) is performed on pressure levels betweer

25°N and 80 °N and yields the wind eldasraﬁdmwv andv

----- low :

associated with the upper-tropospheric and lower-

PV inversion thus provides the possrbrhty to consider the in uence of the dynam|cs in the lower troposphere and the in uence

of the wave on itself, separately from each otlede
befeundin-Tteublerand-Riemer(20ZLhebackgroundvind.eld v, is obtainedn the sameway asthe backgrouncPV eld
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hence be further complemented by the divergent W\:/:giv . Allwind elds are interpolated to isentropic levels. Following
Rothlisberger et al. (2018), we select an isentropic level average around 320K (namely 315, 320, and 325 K) for the EuBL in
March 2016. The full wind eld can nally be divided into:

— 0— 0 0 _ 0 0 0 o .
V=Vo+ V'=Vo+ Viotdiv ¥ Vdivit = Vot Vgiy *Viup * View + Vdiv + res: (3

We introduce here the residuag?y:?es , which arises due to (i) characteristics inherent in piecewise PV inversion, e.g., nonlin-
earities and imperfect knowledge of boundary conditions, (ii) numerical inaccuracies and (iii) the interpolation of wind elds
from pressure to isentropic levels. A more detailed discussion of the PV partitioning, the piecewise PV inversion technique,
and the residual is given in Teubler and Riemer (2021).

With the partitioning of PV into a background state and anomalies thereof, and the associated partitioning of the wind eld,

@f_ @q @s
@t @t Ot
_e4 , ey ey ey | of , @t
@t qb @t bc @t div @t eddy @t noncons @t res (4)

0 0 @gl

— 0 0 0 0 .
- Vup rfo+ve I q Viw T G Vgy 0 T (Vrotqo)"'N Vies I Qo+ @t+V0 ro ;

where we have included in the residual term the (very small) tendencies due to our use of a slowly varying background state.

(Hoskins et al., 1985; Wirth et al., 2018a), hereafter referred to as quasi-barotropic PV tendency. For a linear wave in uniform
background ow, both individual contributions to this tendency are in quadrature with the PVAs, but with oppessigns.
The rst contribution {up ;¥.8,p I p) represents intrinsic (phase and group) propagation, including the downstream de-

velopment and ampli cation of anomalies at the leading edge of a Rossby wave packet. The second contviputiauf)(
represents the Doppler shift, i.e., the advection of the wave pattern by the background ow. In a background ow with hor-

describes baroclinic interaction with lower-tropospheric PVAs, which leads on average to baroclinic growth, i.e., the ampli -
cation of upper-tropospheric ridge and trough anomalies (e.g. Teubler and Riemer, 2021). This term will hereafter be referred
to as baroclinic PV tendency. The third term describes the impact of the divergent ow (hereafter referred to as divergent PV
tendency). Itis dif cult to accurately attribute this divergent ow to individual processes, e.g., dry balanced dynamics vs. moist
processes. It is usually most reasonable, however, to attribute large values of the divergent PV tendency near the tropopause t

latent heat release, which invigorates mid-tropospheric ascent and hence divergent out ow aloft. A more detailed discussion
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of this issue can be found in Wirth et al. (2018a) and Teubler and Riemer (2021). In the current study, we verify this relation-

in terms of the convergence of PVA ux by the (anomalous) rotational wi 9edr (v, %), hereafter referred to

simply as eddy ux convergence. Note that eddy ux convergence may change PVAs locally but may neither generate new
nor amplify existing PVAs in a globally averaged senf@¢ause the ux vanishes at the boundary of the global domain).
Furthermore, eddy ux convergence may not change the area-integrated amplitude of PVAs that are de ned by a boundary at
which®=0 (Teubler and Riemer, 2016). The fth terml() depicts the direct non-conservative PV modi cation and contains

all non-conservative processes, like latent heat release, friction, and radiation.

2.3 Weather regimes in the North Atlantic-European region

In this study, we use the year-round de nition of seven weather regimes in the North Atlantic-European region (NAE; 80 °W-
40 °E, 30°-90°N; dashed gray #ig-Figure 2a) by Grams et al. (2017) adapted to ERA5. Geopotential height anomalies are
calculated based on a 90-day running mean climatology 1979-2@0® &tPawith a temporal resolution of 6 hours. Anoma-

lies are additionally Itered by a 10-day low-pass Iter (Lanczos Filter; Duchon, 1979) to exclude high-frequency signals. After
anormalization of the anomalies for a year-round de nition, k-means clustering is performed for the expanded phase space of
the leading seven empirical orthogonal functions that desa@db&% of the variability. A weather regime is then de ned as

the cluster mean of one of seven clusters, which was shown to be the optimal number in the year-round de nition. The seven
weather regimes consist of three cyclonic regime types (Zonal regime - ZO, Scandinavian Trough - ScTr, Atlantic Trough
- AT) and four anticyclonic regime types (Atlantic Ridge - AR, European Blocking - EuBL, Scandinavian Blocking - ScBL,

Greenland Blocking - GL). In this study, we apply different methods to quantify weather regime dynaasesEoBL regime

over the eastern north Atlantic and Europe dominates the regime pattern and is anked by two areas of negative geopotential
height anomalies upstream over Greenland and downstream over the Mediterranean and East Asia.

To make a quantitative statement about the similarity of an instantaneous pattern to the seven weather regimes, we use thi

weather regime index {yr ) (Michel and Riviére, 2011; Grams et al., 2017) de ned as
Pur () Pur " o M7 ) b (5 Jeos
_FWR WR with Pwr (t) = (; )2NHP WR

" Poo . cos
L W [Pwr(t) Pwrl? (i )2NH

lwr (t) = & : ®)
where NT is the total number of time steps within a climatological sample (all times in 1979-&g19)the climatological
mean of the projectioRwr, “(t; ;' ) the low-frequency geopotential height anomaly at 500 hBga, the low-frequency

geopotential height pattern that de nes the weather regime( and the respective longitude/latitude on the northern hemi-
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height at 500 hPa (black lines every 40 gpm) and vertically-averaged PVAs between 500-150 hPa for negative (positive) values in dashed
white (solid dark red) lines between 0.3 and 0.7 every 0.1 for all time steps attributed to the EuBL regime type (in PVU). The box (dashed
gray) shows the area used to de ne the year-round weather regimes. (b) Lanczos- ltered (10-days) vertically-averaged PVAs between 500—
150 hPa (shading) and vertically-averaged PV for all time steps attributed to the EuBL regime type (contours, in PVU, from 1.5t0 3.5PVU in
steps of 0.25 PVU). The bright green solid line illustrates the regime mask for the EuBL regime type, de ned by the -0.3 PVU PVA contour.

sphere (NH).

Objective weather regime life cycles are derived based ohfe for each regime and time step. Following Grams et al.
(2017) a regime life cycle is de ned as a persistepk above 1.0 for more than ve consecutive days that shows for at least
one time step the highekfr in all seven regimes. A weather regime life cycle is called actithe | wr lies above 1.0and
the rst time step at which\wg > 1.0 is de ned as the onset of the life cycle. The decay is then set as the rst time at which
thelwr is below 1.0 again. The course of the weather regime index around the EuBL life cycle in March 2016 is shown in

2.4 Eulerian PV perspective on the weather regime evolution

We are interested in the processes governing the dynamics of the EuBL in March 2016 from a PV perspective. Because EuBL
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March 27, 00 UTC for all seven Euro-Atlantic regimes: Atlantic Trough (AT), Zonal (ZO), Scandinavian Trough (ScTr), Atlantic Ridge
(AR), European Blocking (EuBL), Scandinavian Blocking (ScBL) and Greenland Blocking (GL). Thick lines represent active regime life
cycles. gray shading indicates the period of the active EuBL regime life cycle from March 9, 18 UTC—March 18, 00 UTC.

normalized projection of- and its tendencies onto the low-frequency PV pattern of the weather regjjge,

P P
(1 (G5 )dye (' )cos' (H@u(t " )=@the (;' )cos

Pa (0= (+ ) Awr2(;" )cos and  Pey-aft)= (+ ) Awr2(;" )cos'

(6)

Note here;thatthe that the projectionof the tendencyis

patterngy,  is de ned as the mean of the low-frequency PVAs vertically averaged between 500 and 150 hPa on active life-
cycle days (shown for EuBL ifig-Figure 2b), consistent with the de nition used in the quasi-Lagrangian perspective to track

interpreted in terms of the dynamics/@f. .
The individual contributions governing the evolutionff. (namely the quasi-barotropic term - QBge baroclinic term -
BC, thedivergent term - DIVthe convergence of the eddy ux term - EDDY, non-conservative term - NON-CONS, and the

10



255

helwr evolutionandtheevolutionof the projectedow-frequencyPVAs to the EuBl regimepatternPq. Projection

of 10-day low-pass Itered PVAs (R dark green) antwr in terms of geopotential height anomalies at 500 hPa (light green, cf. Fig 3) on the

right y-axes. The gray and black solid line represent the projection of the obs&vgd_( ;) and the diagnosed (DIAG = j P@dr —or )

evolution of the PVAs, respectively (left y-axis). The gray shaded area denotéisrthepanperiod of the active life cycle de ned by

lwr 1

P
@q (t;; . )
(;' p2NH ﬁ(@t )j dyr (' )cos

(+ Hznm Gwr2(:" ) cos

Pag-aft) | = ; ] 2 QB, BC, DIV, EDDY, NON-CONS, RES

t; ;' o '
Q4 ) lye (;' ) cos

+2nm Gy (5" ) cos'

©j 2 QB, BC, DIV, EDDY, NON-CONS, RES @)

the regime pattern. If a projection is positive, the associated process favors a given regime pattern. If a projection is negative,
the associated process works against a regime pattern. The observed temporal evoRgioragfees very well with the

11
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the diagnosed tendencies still capture the overall evolutidghofvery well. In combination with the relative smallness of the
difference we thus assert that the assessment of the relative importance of individual processes is not compromised.

2.5 Quasi-Lagrangian perspective on the amplitude evolution of negative PVAs contributing to a weather regime

We complement the Eulerian perspective with a quasi-Lagrangian perspective that follows upper-tropospheric anticyclonic
PVAs in blocked weather regime life cycles and quanti es the processes in their PVA amplitude evolution. To identify con-
tributing PVAs we(i)- rst. identify and track negative upper-tropospheric PVAthasertical average between 500 and 150 hPa
based on ERA5 model level datane(i-andthende ne the spatial overlap of each of the identi ed PVAs with the de ning

compared to quasi-stationary PVAs in Schwierz et al. (2004)).-Fheed. threshold of -0.8 PVU is used exclusively in this
case study and captures approximately the 35 % strongest negative PVAs in the northern hemisphere in terms of area for the

the quasi-Lagrangian perspective are referred to Ig,yASrsthe following.

The assignment of PVAs to active weather regime life cycles is based on the spatial overlap with a prede ned regime
mask. The regime mask is de ned as the area encapsulated by the area where the values of the weather regime pattern a
mask at the time of an active regime are attributed to that speci c regime life cycle. In general, more than qpenizyA

contribute to a given regime life cycle.

We apply the PV framework of Teubler and Riemer (2016) to ELVHacks and consider the importance of processes that

12
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integrationareaA by (i)_the net divergenceof the PVA_ux (. vf). throughthe boundary,andby (i) _the movementof the

i.e., on those that yield amplitude changes in the globally-integrated sense. This focus implies the assumption that the relative

importance of the processes diagnoséthin the PVA, —de ned by a nite threshold —is similar to that the vicinityof the
PVA,L - Vicinity is here de ned as the area between the contour line of the gffitareshold and a neighborirg§= 0 contour

line. {-isfrom-thisvieinity—th romaliesnavberedistributedo-within-the PAA omthed
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2.6 Lagrangian perspective on the diabatic history of air parcels ending up in the PVA

We complement the Eulerian and quasi-Lagrangian perspectives by a Lagrangian perspective that focuses on the diabati
history of air parcels that end up in the P&(Aassociated with a blocked regime. We employ the Lagrangian analysis tool
LAGRANTO (Sprenger and Wernli, 2015), using three-dimensional wind elds from ERA5 model level data. The diabatic
history of air parcels is investigated with a set of three-day backward trajectories that end up in thed&#ted in the

grid point within a PVA, ( x=0.5°) on nine pressure levels between 500 and 150 hRax 50 hPa) for each time step. In
accordance with Pfahl et al. (2015) and Steinfeld and Pfahl (2019), we trace potential tempeatduargthe trajectoriesnd
the three-day backward trajectories are classi ed based on their net changéoafy the trajectory. Trajectories are classi ed
as diabatically ‘heated' if nhmax > 2Kiis ful lled.

In addition, we create an additional set of trajectories to detect WCBs as trajectories that ascend by at least 600 hPa in
48 hours based on a similar methodology as Madonna et al. (2014). Analogous to Quinting and Grams (2022), we distinguish
different stages of the WCB and assign all WCB trajectory parcels that are located above 400 hPa to the WCB out ow stage.
For this purpose, two-day backward trajectories are started 3-hourly in the northern hemisphere at an equidistanigrid of
= 100km and at 13 equidistant vertical levels between 400 and 100 hPa. This is not the traditional way to determine WCB
out ow by forward trajectories-but offers the advantage of calculating trajectories directly from the BVAEhe Itering of
trajectories is omitted here to avoid double counting as well as the criterion that the ascent must take place in the vicinity of an

extratropical cyclone.

3 PV evolution of the EuBL regime life cycle in March 2016

This section introduces the synoptic and large-scale evolution of the EuBL weather regime life cycle in March 2016. Based
on the IWR, the life cycle occurred from March 9, 18 UTC to March 18, 00 UF@FEigure 5). We rst discuss the PV-based
evolution of the large-scale ow features in the North Atlantic-European region. This is complemented by a rst overview of
the potential in uence of moist processes in the development of the blocked regime pattern, based on divergent PV tendencies

and WCB intersection points with the 320 K isentropic surface in the upper troposphere.

The large-scale circulation pattern is characterized by a high-amplitude ridge over the North Atlantic ve days prior to
regime onset (black 2-PVU contour and strong negative PVA in blue shaéligrigure 5a). This ridge is anked by broad
troughs upstream over eastern North America and downstream over western Europe (positive PVAs in gray shading). An in-
cipient negative upper-tropospheric PVA develops at the southern ank of the trough upstream near the U.S. East Coast (light
a quasi-Lagrangian perspective. The broad trough over western Europe occupies the region where a quasi-stationary ridge i
expected later during the EuBL life cycle (see thin dashed lines in biagligure 5a). Over the next four days, the incipient

ridge over the North Atlantic dramatically ampli es ahead of a narrowed and elongated trough along the U.S. East Coast and
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astheisentropic mean between 315-325K (in steps of +/- 0.5, 1.5, 2.5 PVU%apote that divergent PV tendencies are smoothed by a
Gaussian lter. Black crosses mark eveffa—thirty intersection point of WCB trajectories in the 317.5-322.5K isentropic layer. The thin
dark grey contours indicate the regime pattern of EuBL(Q.2, 0.4, 0.6, 0.8) PVU, negative dashed).

extends to the east where it replaces the high-amplitude ridge over the North Atlantic (Fig 5b). During the same period, the
large-amplitude trough downstream has slowly moved from western to central Europe (Fig 5a,b). Around one day prior to the
EuBL onset, the trough upstream reaches far to the south, exhibits a cut-off character, and wraps up cyclonically. One day

later at the time of the EuBL onset, the ridge is centered over the eastern North Atlantic upstream of the region of the climato-

amplitude(measuredn-PVA)strengtherasmanifestedy theincreasingPV. anomalymagnitudewithin theseareas. A further



390

395

400

405

410

415

intensi cation of the negative PVA occurs during the 4 days of the active regime life cycle resulting in a highly ampli ed

time, the ridge covers a large area over the eastern North Atlantic and northwestern Europe and starts breaking anticyclonically
towards central Europé{g-Figure 5d). The trough downstream is displaced to the southeast and has weakened, but the trough

upstream continues to strengthen and still reaches far to the south.

tr-erderto-To understand the impact of moist processes for the development and maintenance of the EuBL regime life cycle,
we look at divergent PV tendencies and WCB air parcels at 320 K. High WCB activity prevails over the U.S. East Coast at the

Simultaneously, divergent PV tendencies centered at the northwestern corner of the anomaly strengthen the negative PVA (rec
contours). On the day before the EuBL onset, again strong negative divergent PV tendencies co-occur with WCB air parcels

especially on the northwestern ank of the ridge associated with the upstream triéiggfiqure 5b). Studies by Magnusson

(2017) and Grams et al. (2018) have shown that synoptic-scale WCB activity associated with this upper-level trough con-

tributed to the subsequent ampli cation and poleward extension of the ridge. This has further been demonstrated to largely
amplify forecast errors, leading to a particularly poor medium-range forecast over Europe. At the time of the regime onset,

high WCB activity is observed on the eastern and western anks of the large-amplitude ridge around the EuBL onset, with a

PV tendencies that are associated with an ampli cation of the ridge. At the same time, positive divergent PV tendencies are
now appearing on the anks of the ridge indicating a narrowing. During the life cytchecomes clear that the maintenance

of the regime involves a diabatic contribution implied by strong negative divergent PV tendencies in the northern corner of the

In summary, the development and maintenance of the EuBL life cycle in March i2¢dré related to the propagation
and ampli cation of a negative PVA reaching Europe around the time of regime onset. The ampli cation of this negative
PVA and its maintenance over Europe is associated with intermittent synoptic activity that points to a non-negligible moist-
dynamical contribution. A fair agreement is seen in the spatial occurrence of WCB air parcels and ridge-amplifying divergent
PV tendencies-so that the consideration of the divergent PV tendency term as an indirectly diabatic term is justi ed. It is
important to note that the negative PVA is not generated locally over Europe, but quite far upstream. Likewise, the synoptic
activity, which seems to be an important contributor in the buildup of the regime, takes place upstream of where the block is

expected. In the followingwe will quantify the contributions of different processes to the EuBL regime life cycles from the
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4 Three perspectives on the PV dynamics of the EuBL regime life cycle in March 2016
4.1 Eulerian PV perspective

We consider the onset, maintenance, #meldecay of the EuBL regime over the North Atlantic-European region from the
Eulerian perspective by focusing on the processes that locally contribute to a certain regime pattern. Low-pass ltered PV
tendencies are projected onto the regime pattern to quantitatively determine the mechanisms that govern the evolution of the
regime pattern. Further insight into the dynamics of the pattern evolution can be gained by considering the positive and nega-
tive PVAs separately, i.e., by projecting the individual tendencies only onto the positive (trough) and negativeéritzpe)s

of the pattern, respectively. The individual contributions of different processes to the evolution of the EuBL regime pattern

regime pattern and negative values imply that a particular process contributes to the decay of the regime pattern. The time

series of the tendencies is complemented with spatial information on PV and PV tendencies for selected-tgridgime 7.

the residual of the (westward) intrinsic phase propagation and the eastward advection of PVAs by the background ow. During
the considered period, the latter term dominadéesl thus the downstream advection of PVAs is of crucial importance for the
which later represents the block over Europe, forms upstream. Considering negative and positive PVAs separately, the prop-
agation of this PVA, from upstream to the target region is re ected in large values of the quasi-barotropic tendency in the
projection fig-Figure 6¢) and amplifying quasi-barotropic tendencies in the ridge of the regime pdatigfidure 7d,f). A

However, they become important in counteracting other PV tendency terms towards the end of the life cycle. The contributions
to the full regime pattern arise predominantly from the anticyclonic part of the regime pattern, suggestiogntribution
to the ampli cation of the ridge over Europé&ig-Figure 6¢). However, a closer look at the spatial pattern reveals that the
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(a) the full regime pattern consisting of positive and negative PVAs, (b) only the positive PVAs, and (c) only the negative PVAs of the
regime pattern. The colored curves represent the different PV tendencies: divergent (DIV, red), quasi-barotropic (QB, blue), baroclinic (BC,
yellow), and the convergence of eddy uxes (EDDY, gray). The contribution due to direct diabatic modi cation is separated into radiation

the times for which spatial elds of PVAs and PV tendencies are shovigirigure 7.






