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Abstract. The aim of this study is to explore the nature of potential vorticity (PV) cutoff life cycles. While climatologi-
cal frequencies of such upper-tevel-near-tropopause cyclonic vortices are well known, their life cycle and in particular their
three-dimensional evolution is poorly understood. To address this gap, a novel method is introduced that alows—tracking
g%WMQ@M%PV cutoffs as three-dimensional objects. Aﬁﬂybased»eﬂﬂsemfepf&awafee}
N‘Mémon isentropic surfaces;—
novel- &M@WMWWMW&WmemOd is applied to the ERA-interim
dataset for-the-years1979-2647-(1979-2018) and the first global climatology of PV cutoffs is presented that is independent of
the selection of a vertical level and identifies and tracks PV cutoffs as three-dimensonal-three-dimensional features. More than
46-150’000 PV cutoff life cycles are identified and analyzedin-the-atmost46-year-dataset—{nown-. The climatology confirms
known frequency maxima of PV cutoffs are-confirmed-and—-additionally-and identifies additional bands in subtropical areas

in the summer hemlspheres and a circumpolar band around Antarctlcaafeﬁdamﬁed—%de&meéﬂﬁvesﬁg&&ef%e&te#ﬂﬁe

- The first climatological analysis
of diabatic decay and reabsorption shows that both scenarios occur equally frequently —in contrast to the prevailing opinion that
diabatic decay dominates. Then, PV cutoffs are classified according to their position relative to jet streams [equatorward (Type
D), between two jets (Type 1D, and poleward (Type IID]. A composite analysis shows distinct dynamical scenarios for the genesis
of the three types. Type I forms due to anticyclonic Rossby wave breaking seenartos—tn-addition;-thereis-aremarkable regionat

above subtropical surface anticyclones and hardly results in
precipitation. Type II results from anticyclonic Rossby wave breaking in mid-latitudes in regions with split-jet conditions
and is frequently accompanied by surface cyclogenesis and substantial precipitation. Type III cutoffs preferentially form due
to_cyclonic Rossby wave breaking within extratropical cyclones in the str: i tr—ftis
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travel distance, frequency of decay and reabsorption, isentropic levels) differ between the categories, while lifetime is similar

in all categories. Finally, twelve PV cutoff genesis regions in DJF and JJA are selected to study the regional characteristics of
PV cutoff life cycles. As a particularly novel aspect, the vertical evolution of PV cutoffs along the life cycle is investigated.
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We find that, climatologically, PV_cutoffs reach their maximum vertical extent about one day after genesis in most regions.
However, while in some regions PV cutoffs rapidly disappear at lower levels by diabatic decay, butonhigher-isentropietevels:
Further,-they can grow downward in other regions. In addition, regional differences in lifetimes, the frequencies of diabatic
decay and reabsorption, and the link to surface cyclones are identified that cannot be explained only by the preferred regional

occurrence of the tem

types. Finally, we also show that in many regions PV cutoffs can be involved in surface cyclogenesis a—few-days-even after

their formation. PV-euteffsforming-from-similar Rossby-wave-breakingseenariosin-differentreg

This study is an important step towards quantifying fundamental dynamical characteristics and the surface impacts of PV
cutoffs. The proposed classification according to the jet-relative position provides a useful way to improve the conceptual

understanding of

i : ; ifieati PV cutoff life cycles inte-three-types-is—proposed:—Type

deminatesfor-the Type HlHife-eyele—in different regions of the globe. However, these life cycles can be substantially modified
by specific regional conditions.

1 Introduction

Meso—Meso-scale to synoptic-scale intrusions of anomalously cold air masses with a closed cyclonic circulation in the mid and
upper troposphere frequently occur in all extratropical regions. In the subtropics and mid-latitadesmidlatitudes, these upper-
level closed cyclones often form when air from the poleward side of the jet stream is transported far equatorward, forming an
elongated cold-air tongue. Subsequently, the tongue breaks up into one or more upper-level cyclonic vortices separated from the
main polar reservoir (?), which are usually located equatorward of the jet stream and isolated from the main westerly flow. This
process is known as Rossby wave breaking (RWB, ?) and the resulting upper-level cyclonic systems, which are often termed

cutoff lows (COLSs), have been first characterized comprehensively by ?. There are two archetypes of RWB: Anticyclonic RWB

occurs on the anticyclonic shear side, i.e., equatorward, of the jet stream and cyclonic RWB on the cyclonic shear side, i.e.
oleward, of the jet stream (???). In the past, both types but in particular anticyclonic RWB have been linked to the formation

of COLs (??).
Several approaches exist to identify COLs. Classically, they are identified as closed geopotential height contours in the mid

or upper troposphere (e.g., 2??). COLs are also associated with an anomalously low tropopause, i.e., with stratospheric air
in regions that are climatologically tropospheric. Stratospheric air masses exhibit high values of potential vortictiy (PV), typ-
ically exceeding 2PVU [1 PVU = 10~%m—2s~'Kkg~!], whereas tropospheric air masses typically have PV values below
2PVU. Therefore, PV is a useful quantity to identify COLs and to describe their behavior (e.g., 2???). and results in similar
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climatological frequency patterns as the classical COL identification based on geopotential height (?). In the PV framework,
COLs are usually identified as-elosed-regions with PV values larger than 2PVU on an isentropic surface—Fhey-, that are iso-

lated from the main stratospheric high-PV reservoir;-and-, They are also termed stratospheric PV cutoffs [for brevity hereafter
PV cutoffs]. PV cutoffs are inherently the same phenomenon as COLs, as illustrated in a case study by ?. But COLs have
classically been regarded as upper-level closed cyclones equatorward of the jet stream, following the picture of ?, whereas the
concept of PV cutoffs extends towards the pole, as long as a stratospheric reservoir can be meaningfully defined and separated
from the PV cutoff on the considered isentropic level.

Many studies show the high relevance of PV cutoffs for surface weather in specific regions, in particular the formation of (in-
tense) surface cyclones and heavy precipitation events. For example, ? found that more than a third of the Meditarranean COLs
are associated with a surface cyclone. In case studies, PV cutoffs have been reported to be dynamical key elements for the
intensification of a subtropical cyclone in the South Atlantic (?) and the genesis of strong Mediterranean cyclones (?). COLs
accompany suptropical cyclones in most of the cases in the southwestern South Atlantic (?) and the eastern North Atlantic
(?), where they frequently influence the occurrence of tropical transition (?). The work of ? indicated that PV cutoffs can also
lead to the genesis of polar lows. Furthermore, they significantly contribute to (extreme) precipitation in the Mediterranean
region (??), the Alps (?), the Great Plains and western United States (??), Nertheast-northeastern China (?), South Africa (?),
southeastern Australia (?), and Iraq (?). More specifically, they can play a key role in triggering heavy convective storms by fa-
voring the release of conditional instability via destabilization and dynamical forcing (e.g., ??). They can also act as “moisture
collectors” (?) if they remain quasi-stationary and repeatedly advect warm and moist air towards a region where it is forced to
ascend, i.e., a baroclinic zone or high orography (e.g., 222?).

The life eyele-cycles of PV cutoffs is-are strongly governed by diabatic processes. The latent heating associated with cloud
formation in the vicinity of PV cutoffs, likely together with turbulent mixing, can modify their evolution and eventually lead
to their rapid diabatic decay, resulting in irreversible mixing of stratospheric air into the troposphere (e.g., ?????), so-called
stratosphere-to-troposphere transport (STT). ? showed that PV cutoffs can also diabatically grow and intensify, likely due to
radiative cooling at cloud tops or humidity gradients at the tropopause, potentially leading to troposphere-to-stratosphere trans-
port (TST). Previous studies (e.g., ?) have shown that PV cutoffs are often associated with both STT and TST, with STT being
2-3 times larger on average. The modification of PV cutoffs by diabatic processes can strongly depend on the considered isen-
tropic level. This indicates that PV cutoffs are potentially complex three-dimensional features, that can intensify on a higher
isentropic level and at the same time decay on a lower isentropic level (?). In addition, as already stated by ?, instead of dia-
batically decaying, a PV cutoff “(...) could of course be removed by simply being advected back along isentropic surfaces into
the polar stratospheric reservoir" (a process we call “reabsorption”), but that “synoptic experience suggests that the chances
of this happening in less than a week are small”. Later studies did not pick up this topic and therefore a quantitative estimation

of the relative frequencies of diabatic decay and reabsorption is sti-missing.

Due to the large variety of near-tropopause cyclonic vortices on the globe, there is no clear consensus in the scientific literature
which vortices are to be considered COLs. While many studies focused on COLs located equatorward of the jet stream
others showed that there exist mid- and upper-level closed cyclones poleward of the jet stream, e.g., over the Hudson Ba
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considering two pressure levels (200 hPa and 500 hPa). Focusing on similar systems in polar region
anomalies in the lowermost stratosphere and ? local minima of tropopause-level potential temperature, which are sometimes
termed tropopause polar vortices (TPV, ?). However, there is no study so far that includes all near-tropopause cyclonic vortices,

independent of their latitude.
The frequencies, geographical distribution, seasonality, and tracks of the “classical” COLs equatorward of the jet stream are

s, ? investigated positive PV

well known in both hemispheres. Hotspots in the Northern Hemisphere are the eastern North Pacific, eastern North Atlantic
and the Mediterranean, and northern China-Siberia (???). In the Southern Hemisphere, they tend to occur around the main
land masses, i.e., South America, South Africa, and Australia / New Zealand (???). Most COLs have lifetimes of 2-3 days
and generally travel eastward. Some studies suggested that they are very mobile and travel hundreds of kilometers (???

whereas others point out their quasi-stationarity (2?).

there-exist-mid—A few regional studies have also investigated the vertical evolution of COLs and upper-level-closed-eyelones
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and a higher precipitation intensity. However it is yet unknown if and how all these characteristics of COLs vary across regions.
2 emphasized this by noting that its is unclear how the results they find for subtropical COLs in the Southern Hemisphere relate
to COLs in other regions. A major obstacle to comparing PV _cutoffs across regions and hemispheres are the wide ranges of
different identification and tracking methods used in existing regional studies. Furthermore, climatological frequencies of PV
cutoffs and COLs strongly depend on the selected isentrope or pressure level (22).

Their relevance for surface cyclones, precipitation, and STT in many regions on the globe explains the high research interest in
PV cutoffs in the last three decades. However, despite the large number of climatological studies, a global-quantitative-analysis
study that includes life cycles of all PV cutoffs, independent of their latitude

and vertical level is missing. This, however. is an important basis to comprehensively characterize PV cutoff life cycles and
how they differ across regions, as well as to quantify their importance for surface weather. Also, a climatological perspective
on their three-dimensional-life-eyeles-and-their-modification-vertical evolution and how it is modified by diabatic processes,

including the frequencies of decay and reabsorpt1on is missing. A-reasonfor-this-is-that-current-climatologies-are-restricted
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of-thejet-stream-only—This study aims to compile a climatology of PV cutoffs that fills these knowledge gaps and provides a

ir-diabati Hieati -5 impaets. While
COLs have been tracked previously, the-chimatology-presented-in-this study is the first that explicitly tracks PV cutoffs. For
the tracking, a novel method is introduced that is based on air parcel trajectories and allows quantifying eress-tropepause-mass

fluxeshow many PV cutoffs decay diabatically and how many are reabsorbed.

basis for a comprehensive global analysis of PV cutoff life cycles

of PV cutoff frequeneies;—theirgenesisand-ysisoccurrence, genesis, lysis, and decay and reabsorption is presented. This—is
followed-by-a—comprehensive-analysis-of-variousnovel-Further, PV cutoffs are classified into three types according to their
jet-relative position and various aspects of their life eyele-in-Seet—2?cycles are compared and contrasted. Section ?? presents

comprehensive regional analyses of PV cutoff life cycles with genesis in specific geographical regions. Section ?? diseusses
hinks—to-the-literature;—summarizes the main conclusions and provides an outlook for further research topics that could be

addressed with this climatological dataset of PV cutoffs.

2 Data and Methods
2.1 Data

All analyses in this study are based on the ERA-interim-ERA-Interim dataset (?) for the years +979-20+71979-2018. Data
are available every 6 h on 60 vertical levels and have been interpolated from T255 spectral resolution to a regular grid with a
horizontal resolution of 1°. PV is computed from the primary ER A-interim variables. Horizontal winds and PV are interpolated
onto a stack of isentropic levels from 296-350275-360 K with a 5 K interval. For the same time period, masks-of-stratospherie

< er-level jet streams, identified according to ?, and
surface cyclones, identified and tracked according to ?, are retrieved from the dataset described by ?.

2.2 PV cutoff identification

The PV perspective is adopted in this study because it offers several advantages to identify and track COLs compared to other
approaches. First, the identification of PV cutoffs as closed 2 PVU contours on isentropic surfaces is unambiguous, concep-
tually simple, in principle does not require additional criteria or variables [as for example the methods by ? and ?], does not
depend on the hemisphere considered [as the approach by ?], and therefore strongly reduces the methodological sensitivity [as
exists for COL identification, see ?]. Second, the invertibilty principle of PV allows for a very intuitive interpretation of the
effect of PV cutoffs on the surrounding atmosphere (?). And third, PV is, in the first order, conserved on isentropic surfaces,
which means that (i) the movement of PV cutoffs is quasi-adiabatic rendering a tracking on isentropic surfaces comparably
straightforward, and (ii) deviations from the adiabatic advection of the PV cutoff are indicators of diabatic processes. However,
as for any other previously used approach, the restriction of the identification to single levels would neglect the fact that PV

cutoffs are often highly three-dimensional features. Therefore, in this study, PV cutoffs are identified and tracked as three-
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dimensional objects within a stack of isentropic levels from 296-356275-360 K in 5 K intervals, extending the approach by ?.
This method allows us to investigate PV cutoffs in the subtropics, where they are-most-frequent-on-isentropiclevels—around
330-356occur on isentropes around 330-360 K (?), the mid-latitudes (310-330 K), and pelarregions(296-3+0at high latitudes
found by ?]. The upper bound of 360K for the identification of features—elos is-timited;as ' ¢ '

reaches-isentropie fevels below280PV cutoffs used here allows to take into account the full vertical extent of subtropical PV,
cutoffs that can be tracked on 350 K+2)-K or below but extend higher up. The tropical PV cutoffs are excluded because of
two reasons. On the one hand, a much higher upper bound would be required to fully capture them, rendering data handling
and analysis tedious. On the other hand, including a satisfactory discussion of these so far under-researched systems would go

beyond the scope of this paper.
Our identification of PV cutoffs starts on single isentropic levels, essentially using the algorithm by ? with the modification

that, here, the stratospheric reservoir does not necessarily have to encompass the pole, but is defined as the largest area bounded
by a closed 2PVU contour on each isentrope. This becomes particularly relevant at lower isentropic levels and towards the
pole, because there the size of the stratospheric reservoir decreases and often does not encompass the pole. The method of ?
has the major drawback that it identifies also features with PV larger than 2 PVU produced by diabatic processes (e.g., within
extratropical cyclones) or frictional forces near high topography, i.e., features that are not of stratospheric origin. Therefore,
the labeling algorithm of ? is used here, which assigns to each grid point a label that classifies it as stratospheric if it is three-
dimensionally connected to the stratospheric reservoir and if it has a specific humidity of less than 0.1 gkg~!. This label can be
used do separate true PV cutoffs from diabatically produced PV features. Then, the PV cutoffs on the different isentropic levels
are clustered if they overlap with each other and hence form a three-dimensional PV cutoff. Finally, PV cutoffs larger than
5-10°km? (about half the area of the US) at a certain isentropic level are removed from that level to avoid the identification
of very large PV cutoffs, which often occur on higher isentropic levels. The resulting three-dimensional PV cutoffs are in the

following referred to as PV cutoff objects.

2.3 Lagrangian PV cutoff tracking

The tracking takes advantage of the material conservation of PV, i.e., the quasi-adiabatic movement of PV cutoffs. There
are some similarities to the tracking developed by ? to track PV anomalies in the lowermost stratosphere, which is based
on advection of the PV anomalies by the isentropic wind. But the tracking presented in this study uses isentropic air parcel
trajectories started from each grid point within the PV cutoff and calculated foreward for 6 hours. The final positions of these
short trajectories can be regarded as “adiabatic forecast” of the PV cutoff six hours later, and it serves to accurately track the
cutoff in time as well as to identify diabatic decay and reabsorption. In addition, the deviation of the observed evolution from

this adiabatic forecast can be used to quantify cross-tropopause transport. This method to quantify cross-tropopause mass fluxes
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is conceptually similar to the approach by ?. Note that, in this study, this Lagrangian PV cutoff tracking is used to obtain PV
cutoff tracks and to identify decay and reabsorption. For a discussion of cross-tropopause mass fluxes the reader is referred to

2. As another advantage compared to previous methods of COL tracking, the trajectory-based approach also works in regions
with strong advection, for example near the jet stream ;-when-where consecutive features do not always overlap spatially. The
tracking connects PV cutoff objects to non-branching tracks, i.e., without merging and splitting, and consists first of tracking
on isentropic surfaces, and second, a connection of isentropic tracks to 3D tracks. These two steps are illustrated in Figs. ??

and ??, respectively, and are now discussed in detail.
2.3.1 Tracking on isentropic surfaces

A 3D PV cutoff object consists of one or more 2D PV cutoffs, one on each isentropic level from 275-360 K. The 2D PV cutoffs
at a given time t( are referred to as parents (grey features in Fig. ??). Isentropic tracks are constructed forward in time, by
allowing only one successor per track (subsequently referred to as child, green features labeled accordingly in Fig. ??a-d),
i.e,, in the case of a splitting of a PV cutoff, the smaller part is ignored. This substantially eases the analysis of the tracks.
From each parent, 6-hourly isentropic forward trajectories are started from each grid point (black crosses in Fig. ??), using the
Lagrangian analysis tool Lagranto (??). A 2D PV cutoff at time ¢o+6 h is a potential child if it inherits at least one air parcel
from the considered parent. In the following, a variety of situations is considered that may occur during this step.

In the most simple situation, the movement of the 2D PV cutoff during this time interval is perfectly adiabatic (Fig. ??a) and
all trajectories arrive within a 2D PV cutoff (the child) at the same level at time £y+6 h (blue crosses in Fig. ??a). In a situation
with diabatic activity (Fig. ??b), the adiabatic forecast of the PV cutoff (blue and red crosses in Fig. ??b) may deviate from
reality at time ¢o+6 h (blue-and-orange-erosses+/the green feature in Fig. ??b). In this case, some trajectories end up outside of
the child (red crosses in Fig. ??b), showing that the 2D PV cutoff shrinks due to STT. Also, the 2D PV cutoff may grow due

to TST (orange cross in Fig. ??b). Nete-that—as-atimitation-of-this-stepr-orange-grid-points-could-alse-represent-merging o

of STT-and-TST-is-small-If, additionally to STT and TST, splitting occurs (Fig. ??c), the 2D PV cutoff is selected as child

that inherits most air parcels from the parent (lower green feature in Fig. ??c). The trajectories arriving within the other 2D

PV cutoff(s) at time ¢(,+6 h (blue-gray crosses and upper green feature in Fig. ?2c) are eounted-considered as shrinking due to
splitting. It may also occur that two (or more) parents merge to one child (Fig. ?2?d). In this case, the child is attributed to the
parent (parent I in Fig. ??d) from which it inherits more air parcels (number of blue crosses vs. number of gray crosses). The
trajectories that the child inherits from the other parent(s) (parent 2 in Fig. ??d) are counted as growth due to merging and the
track ends for the other parent(s). If the track of a 2D PV cutoff does not end via merging to another 2D PV cutoff, it does so
either via complete diabatic decay (Fig. ??e), or (complete or partial) reabsorption to the stratospheric reservoir (Fig. ??f). If
all trajectories from the parent arrive in a region with PV<2PVU (red crosses in Fig. ??e), complete diabatic decay (involving
STT) occurs. Air parcels arriving in a region with PV>2PVU but not within a PV cutoff are counted as reabsorption (blue

crosses in Fig. ??f). In the case of merging, air parcels from the parent(s) for which the track ends (parent 2 in Fig. ??d) and
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that end up in the child are also considered as reabsorption. The two possibilites, reabsorption by the stratospheric reservoir
and reabsorption by a larger cutoff, have relative frequencies of 89 % and 11%, respectively.

Once all parents at time ¢y have been considered, the same is repeated for the subsequent time interval. In this way, tracks are
continued for all 2D PV cutoffs identified as child in the previous time step, and new tracks are initialized for all other 2D PV

cutoffs.

2.3.2 Construction of 3D tracks

After isentropic tracks are constructed, PV cutoff objects are concatenated to tracks representing the three-dimensional evo-

lution. The resulting 3D tracks consist of at least one isentropic track but can include a large number of isentropic tracks on
different isentropic levels. Because we aim to avoid branching of tracks, a major challenge in this step is to reasonably handle
situations during which two or several isentropic tracks of a single 3D track do not contain the same PV cutoff object at a given
time instant. This can occur as a result of merging and splitting. Consider, for example, the splitting situation illustrated in Fig.
22¢. For the isentropic level shown, the isentropic track continues from the parent to the child and the lost child is dismissed.
If, for example, such a splitting occurs simultaneously at another isentropic level where the PV cutoff labelled as "lost child”
inherits more trajectories from the parent than the cutoff labelled as “child”, the two isentropic tracks are continued with a
different PV cutoff object. Such a disagreement between tracks on different isentropic levels due to splitting is illustrated in
Fig. 22 [see gray box with label c], where the track on 325K is continued with a different PV cutoff object (red square) than
on 310-320K (blue dots). To create the non-branching 3D track, the following steps are required:

(1) Identify overlapping tracks: An isentropic track is selected and all isentropic tracks on all isentropes are identified that
at least once overlap with the selected track (i.e., contain the same 3D PV cutoff object). This search is repeated for all

overlapping tracks until no further tracks are found (see all lines independent of the color in Fig. ??).

(ii) Create non-branching 3D track from overlapping tracks: The overlapping tracks are used to connect PV cutoff objects
to a non-branching track according to the following rules: (a) The first time step a track of the overlapping tracks exists
at any isentropic level marks the start of the 3D track. If there is more than one PV cutoff object at this time step that
belongs to the overlapping tracks (which occurs if two tracks merge at a later time step), the dominant PV cutoff object
is identified as the one with more isentropic levels or, if the number of levels is equal, the larger cutoff is selected [see
red-and-blue markers in the box (a) in Fig. ??]; (b) Then, for the next time step, only PV cutoff objects are considered as
successors if they are connected via an isentropic track with the previous PV cutoff object (seered-and-blue markers in
the box (b) in Fig. 2?). (c) If rule (b) has been applied and still more than one PV cutoff object is part of the overlapping
tracks at a later time step (which occurs if isentropic tracks are continued differently on different isentropic levels) the
same criteria (depth and size) are applied as in rule (a) to select the dominant cutoff [seered-and-blue markers in the box

(c) in Fig. 2?]. Eventually, tracks are only retained if they have a minimum lifetime of 24 h.
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resuala-A total number of 46°353-152°615 PV cutoff tracks provide the basis for this study, which is the largest dataset of PV

cutoffs/COLs analyzed so far. On average, this amounts to abeut-100-over 300 PV cutoffs per month. To visualize tracks and
locate genesis and lysis events the PV cutoff centre is computed as the average of the coordinates of all grid points within the
PV cutoff object weighted by their PV value. The area of the PV cutoff is determined as the area of the projection of the 3D PV
cutoff onto a 2D plane, i.e., it includes all grid points that are part of the PV cutoff on at least one isentropic level. Examples

demonstrating the application of the tracking to individual cases are shown in the supplementary material S3.
2.3.3 Limitations

The tracking method has two important limitations which are briefly mentioned here. First, only non-branching tracks are
allowed and the decision criteria used may not represent the most reasonable track continuation in some cases. However
merging and splitting are comparably rare. Therefore, this limitation does not question the usefulness of the method and the
quality of the results presented here. At the poles, where mass-fluxes-asseeiated-to-merging and splitting are-targer-occurs more
frequently and the definition of PV cutoffs becomes less obvious, this limitation is strongest. Second, the tracking procedure
requires the computation of a large number of trajectories and is therefore computationally expensive. This limits-its-application

makes its application less straight forward to datasets much larger than ERA-interim-or-to-targe-ERA-Interim or to operational
ensemble forecasts for quasi real-time purposes.

2.4 Ceomputation-Classification of mass-fluxesPV cutoffs according to their position relative to the jet streams and the
limited role of statistical significance testin,

ean-deerease; In order to investigate whether different life cycle characteristics depend on the relative position of PV cutoffs

to the mass-of-aPV-cutoff —With-the Lagrangian-tracking-introduced-in-section-27;-these-ma rafiges-canve-guantiied—On-4a
tveris i ; ' ass jet streams, PV cutoffs are classified into three types: Type I (equatorward of
the jet stream), Type II (between two jet streams), and Type III (poleward of the jet stream). Jet streams are identified according
to ? as regions where the vertically averaged wind speed between 100 and 400 hPa exceeds 30 m s~". The jet-relative position
of each PV cutoff is then determined as follows. All jet streams are identified that are intersected by the meridian through the
PV cutoff center at genesis time. If jet streams are found only poleward of the PV cutoff, it is classified as Type I (22.4 % of
all cutoffs). If jet streams are found poleward and equatorward of the PV cutoffdue-toTST-STHmerging - and splitting equals

S5 P = SPTOcCeSs t P oY aSS PIECS GOy a O
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found only equatorward of the PV cutoff, it is classified as Type III (39.4 % ). Few PV cutoffs cannot be classified because jet
streams are absent at the longitude of PV cutoff genesis (5 %). This is mostly the case in the Northern Hemisphere in summer.

To draw statistically robust conclusions about observed differences between the three cutoff types (see Sect. ??), statistical

significance testing has to be applied. However, in our case (using the Wilcoxon-rank sum and Kolmogorov-Smirnov tests)

the sample sizes are so large that basically all differences between composite means or empirical distributions turn out to be
statistically significant, even if they are relatively small. Hence, we will focus on differences that are (a) sufficiently large and
b) can be reasonably explained with physical arguments.

2.5 Linking PV cutoffs and surface cyclones

To study the link between PV cutoffs and surface cyclones, all surface cyclones are identified that reach spatial proximity to a

PV cutoff. Here, spatial proximity occurs if the distance between the centre of a surface cyclone and a PV cutoff is less than
600 km. Note that both, PV cutoffs and el : s i i 24 d H
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3 Global climatology of PV cutoff life cycles

This section discusses a range of climatological aspects of PV cutoffs using the full global dataset. A comprehensive discussion
of occurrence, genesis, and lysis frequencies is followed by the first climatological analysis of diabatic decay and reabsorption.
Finally, PV cutoffs are separated into three categories, based on their relative position to the jet streams. For these categories,
synoptic composites of PV cutoff genesis and the empirical distributions of various life cycle characteristics are analyzed.

3.1 Frequencies of occurrence, genesis, and lysis

Fhisseetion-provides-aTirst, a detailed global overview of PV cutoff occurrence and favoured genesis and lysis regions —is

rovided and related to the climatology of the zonal upper-level flow. Given that this study presents the most comprehensive

climatology of PV cutoffs so far, such an in-depth discussion is justified. To this aim, Fig. ?? shows maps of seasonal mean PV
cutoff frequencies for boreal winter (DJF), spring (MAM), summer (JJA), and autumn (SON). These frequencies indicate the

percentage of time steps at-which-when a 3D PV cutoff is located at a particular grid point, independent ea-of the number of
levels covered by the 3D PV cutoff. PV cutoff frequencies are substantially-higher in the Northern Hemisphere (annual mean
hemispheric average of 4:35.8%) than in the Southern Hemisphere (2-14.0%) in all seasons except DJF, when frequencies are

simiar-in-beth-hemispheresabout 1.2 percentage points larger in the Southern Hemisphere. Figure ?? shows a seasonal cycle

with hemispheric averages about twe-times-larger-in-the-summerseason-than-in-the-winter-season-in-both-hemispheresthirty

ercent larger in summer than in winter in the Northern Hemisphere, and about two times larger in the Southern Hemisphere.
The number of tracks (net-shewn)-exhibits a much weaker seasonal cycle with-abeut14%(27% ymore-—ecutofftracksinIHA

OD han 1n DIE 11 the NorthernHem nheore nd  MOTe A P JE-than—n A in-the Sonthern-Hemicphere

(not shown), indicating that cutoffs in summer are-tend to be longer-lived.
In DJF (Fig. ??a), the-there is a large northern hemispheric maximum over Southern Europe and the Mediterranean with fre-

quencies up to 11%is-conspienous—. It coincides with the region of low upper-level zonal wind speeds (black lines in Fig. ??a

downstream of the North Atlantic storm track, where anticyclonic RWB occurs frequently (22). Consistently, this frequency
maximum is located poleward of the subtropical jet over northern Africa and equatorward of the North Atlantic jet stream. Note
that, in Fig. ??. we identify the climatological positions of the jet streams based on maxima of the mean zonal wind speed.
Similarly, the frequency maximum over the southwestern US occurs in a region with frequent anticyclonic RWB downstream
of the North Pacific storm track. Other frequency maxima in the Northern Hemisphere occur over Newfoundtand;northeastern

Canada and the western North Atlantic, as well as the Russian Far East and the North Pacific. Some of these high frequencies
2?), but the hi

coincide with maxima of cyclonic RWB in the storm track regions h frequencies over the Canadian Arctic and

the seuthwestern-US;-and-near-the-Sea-of JapanRussian Far East do not. However, they coincide with PV streamer maxima on
300K (?). This indicates that PV cutoffs in these regions may frequently result from PV streamers without significant cyclonic

or anticyclonic tilt. A comparison to ? also suggests a link to the occurrence of TPVs in these regions. In the Southern Hemi-
sphere, PV cutoff frequencies have a clear maximum in a large tilted band from the central subtropical South Pacific towards
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the southeast reaching southern South America. A similar band is also present over the South Atlantic, with two maxima east
of Brazil and west of South Africa. High frequencies occur also in the southern Indian Ocean s-and over New Zealand;-and-in

. These maxima are located equatorward of the jet stream and coincide with maxima of anticyclonic RWB (??). Further, PV

cutoffs are frequent poleward of the jet stream along a circumpolar band at 60°S around Antarctica, where cyclonic RWB is
frequent (22).

eastern parts of the North Atlantic and the
North Pacific, as well as at high latitudes in the Northern Hemisphere. The frequencies in the Southern Hemisphere decrease
in most regions and the circumpolar band shifts equatorward and becomes less symmetrie—Fhe-uniform. The subtropical jet
stream appears over Australia leading to split-jet conditions. A maximum appears over southern Australia, New Zealand and
the South Pacific between the polar and the subtropical jet streams. The summer maxima east of Brazil and in the subtropical

South Pacific disappear-and-a-new-maximum-appears-oversoutheastern-Australiareaching far-into-the-Seuth-Paeifieare absent

northern-Europe-and-partieularly-strongly-south-effeeland—In-in the Northern Hemisphere further increase in the storm tracks
notably south of Iceland) and remain high at polar latitudes. The high frequencies in the storm track regions agree particularl
well with the enhanced frequencies of cyclonic RWB there in JJA (?). Further, as the North Atlantic and the North Pacific

jet streams shift poleward and split-jet conditions over Europe and the US disappear, PV cutoff frequencies in these regions
strongly decrease compared to MAM. Instead, over the subtropical North Pacific and the subtropical North Atlantic large

northeastward sloping bands of high frequencies appear;-simitar-. Similarly to their southern hemispheric counterparts in DJF,
they are located equatorward of the jet stream in regions with frequent anticyclonic Rossby wave breaking (?). The Southern
Hemisphere is new-dominated by a zonal band between about 30°N and 60°N with local maxima over southern Australia and
New Zealand, the central South Pacific, southern South America, and South Africa. These maxima coincide relatively well
Frequencies in SON (Fig. ??d) are similar to MAM. Increasing frequencies compared to JJA are discernible over the US,
and central and southern Europe, as split-jet conditions start to re-establish. The maxima over the Arctic, in the North Pacific
and the two bands in the subtropical North Pacific and North Atlantic are still visible but frequencies substantially decrease
compared to JJA. In the Southern Hemisphere, the circumpolar band shifts poleward and becomes more symmetrie-uniform
again and the tilted bands over the South Pacific and South Atlantic start to reappear.

To-betterunderstand-these-frequeney-patternsAs a first step towards understanding the life cycles of PV cutoffs, it is insightful
to look at the patterns-geographical locations of genesis and lysisfrequeneies. Note again that lysis can be due to reabsorp-

tion or diabatic decay. Figures ?? and ?? show seasonal maps of the number of genesis and lysis events per season that
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occur within a 500 km distance of each grid point. Genesisfrequeneies-are-mostly-but-not-alwayslargest-where-alse-In some
regions, maxima in genesis frequencies disagree with maxima in PV cutoff frequenciesaretargestindicating-variabilityin
eufeff—mebﬂﬂy—ﬁ%e—aﬂd%tfeﬁmeﬂ%diffefeﬁ%fegmﬂ% For example fhe%a&g%rfreqimﬂeyeve%fhﬂ%dﬁeﬁaﬂeai%}ll%g
r-while genesis maxima also coincide

with cutoff frequency maxima over California and the Mediterranean, genesis is particularly frequent in the eastern part of
W(Hg. ??a) but alk i i

Hemisphere in DJF the well-known (see seetion-Sect. ??) genesis maxima close to the west coast of South America and west

of South Africa are visible (Fig. ??a).

tysis-isenhaneed-over-fandAs PV cutoff frequencies, PV cutoff genesis frequencies can largely be understood as the result
of the climatological large-scale flow conditions and corresponding positions of the jet streams in the respective seasons (cf.
Fi For example, the genesis maxima in the storm tracks are located within or downstream
of maxima of cyclonic RWB (??) further indicating that PV cutoffs in the storm tracks are mainly a consequence of cyclonic
RWB. For PV cutoff lysis frequencies, additional aspects seem to be important. For example, some lysis maxima occur over
Peninsula-and-the-Rocky Mountains/Pacific Coast Ranges in-and over the Iberian Peninsula (Fig. ??c), and in JJA and SON
over Greece, Turkey, and the Balkans (Fig. ??c);-whereas-in-winter-ysis-maxima-often—,d)], whereas others occur over sea

surfaces, in particular where enhanced sea surface temperatures are expected {[e.g.in-the-Mediterranean-, in all seasons over

. 22 and associated discussions).

the Mediterranean, in JJA over the Caribbean, and in regions of all western boundary currents;-espeetally—; e.g., in DJF over
the western North Atlantic and east-of-Australiia;-see Fig—2?a:e)—in JJA east of Australia]. A further conspicious lysis max-
imum is discernible over the central US / the southern Rocky Mountains in all seasonsexeeptJJA—This-also-indicates-effeets
of-orography-but-may-alse-, which could be related to orography and/or the supply of moist and warm air ferm-from the Gulf
of Mexico. These patterns suggest an important role of diabatic effects on PV cutoff lysis, e.g., due to friction and orography,
land/sea surface-atmosphere interactions, and convection. However, lysis frequencies are also high in regions where diabatic

effects are not expected to be particularly strong, e.g., in the Southern Ocean around Antarctica in all seasons or over Russia
and Alaska in DI,

the-distanees-between-A range of previous studies has addressed climatological frequencies of PV cutoffs. In the followin
we relate our results to these studies and summarize the main new insight gained from the results presented here. Many of
the presented frequency, genesis and lysis (Fable-2?)-shows-that PV-cutoffs-tend-to-travel-furtherin-maxima of PV cutoffs are

consistent with previous climatological studies. In the Southern Hemispherethan-in-the NortheraHemisphere:-62%-travel-more
than-3600, most maxima agree well with the results of 2, ?, and ?. In the Northern Hemisphere, they compare favorably with
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2 mainly in subtropical latitudes, with, e.g., ? in higher latitudes, and with ? in most regions if COLs at both 500 ke-and-onty
9%-Jess-than+000hPa and 200 ke-in-the-SouthernHemisphereversus48%-and-+5%-in-the Northern Hemisphere; respectively:
Fhis-might-be-hPa are considered. However, in this study all of them are identified based on a consistent methodology and
independent of the selection of a vertical level. This has also implicatons for the seasonality of PV cutoffs. Several previous
studies found a clear seasonal cycle with about four times more COLs forming in summer than in winter in both hemispheres

but also that seasonality depends strongly on the considered pressure level (???). The seasonal cycle in this study is much

weaker, in agreement with the findings of ?, if they took into account all isentropic levels from 305-370 K, Hence, its seems

that the strong seasonal cycle found in previous studies is mainly related to the presence-ef-astrongeircumpeolarjetstream-that

isentropic) level on which PV cutoffs / COLs occur [for illustration of this aspect, see ?, their Fig. 8b].

Further, some of the identified maxima hayve not or only little been described in the literature before. In particular, the

circumpolar band around Antarctica and the far equatorward reaching band in the South Pacific in DIF have not been documented
as regions of COL occurrence yet. The circumpolar band around Antarctica and its seasonal change in symmetry agrees very.

well with the climatology of upper tropospheric storm track features discussed in ?. The maximum east of Brazil was mentioned

only by ? and 2.

Einally, our global analysis reveals also general global patterns of PV cutoff life-eyeles-tn-this seetion; subsets-of PV-cutoff

e invectioated—celacted ordino_to-theirocenacicracion—taPIEandJTA canac coion o calaete

materiab)in-the following,various-aspeets-of the-occurrence and its relation to other elements of the atmospheric circulation.
PV cutoffs in summer occur frequently in the subtropics mostly in east- and poleward tilted bands reaching latitudes around
20°over the Pacific and Atlantic equatorward of the jet stream, and another one at higher latitudes, in particular in the storm
track regions poleward of the jet stream. In winter, PV cutoffs occur either poleward of the jet stream or, particularly frequently,
in_regions with split-jet conditions between the polar and subtropical jet streams. A comparison to the climatology of jet
streams (?) further supports these relationships between jet streams and PV cutoffs. It shows that high PV cutoff frequencies
often occur slightly poleward of jet frequency maxima (western North Atlantic, Japan, around Antarctica in DJF), poleward of
the subtropical jet maxima and equatorward of the polar jet maxima (Mediterranean and central Europe in DJF, Australia in
JJA), or in regions where strong jet streams are absent, in particular over the subtropical ocean basins in summer. This link to

jet streams will be used for a classification of PV cutoffs in Sect. ??. Further, some PV cutoff frequency maxima are in strikin

agreement with high cyclone frequencies. For example, the frequency maxima over the Canadian Arctic and south of Iceland
in JJA agree particularly well with the surface cyclone maxima found by ?. Frequency maxima over the southern Indian Ocean
close to Antarctica in DJF also correspond well with surface cyclone maxima identified by ?. Together with the discussed
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agreement with frequencies of cyclonic RWB, this suggests that, in particular regions, PV cutoff life cycles are strongly linked
to the baroclinic life cycles of PV i s o investi i iscussi
synoptie-configurations extratropical cyclones. This aspect will be further investigated in Sect. ?? for cutoff categories and in
Sect. ?? for selected geographical regions.

3.1 uantification of diabatic decay and reabsorption

In the following, we address an aspect of PV cutoff genesis—SubsequentlyPV-eutoff-tracks-and-life cycles that, so far, has not
been investigated climatologically: Do they disappear on an isentrope due to diabatic decay or reabsorption to the stratospheric
reservoir? According to ? and based on “synoptic experience”, diabatic decay is the dominant scenario. Here, we provide the
first quantitative answer to this long-standing question in dynamical meteorology. This quantification will be useful to better
understand global climatological patterns of PV cutoff lysis, the modification of PV cutoffs by diabatic processes, as well as

their vertical evolutiona

reabsorption,
Whenever a PV cutoff disappears on an isentropic surface, we quantify what fraction of the PV cutoff experiences diabatic

decay (i.e., undergoes STT) and what fraction is reabsorbed by the stratospheric reservoir (see Sect. ?? and Fig. ??e.f). The

diabatic decay fraction of a single cutoff can vary between 0% (pure reabsorption) and 100% (complete diabatic decay).

Intermediate values indicate simultaneous partial reabsorption and partial decay. Note that this analysis identifies events on
isentropic surfaces, which means that, even if a 2D PV cutoff disappears, the 3D PV cutoff may still persist afterwards.
Therefore, reabsorption and decay can, in principle, occur during the entire PV cutoff life cycle. Here, we first investigate the
overall statistics of decay and reabsorption and then provide a global overview of the geographical distribution of these two
possible scenarios.

Figure ??a shows the decay and reabsorption statistics for five different categories of the decay fraction for all 2D PV cutoffs
identified globally. It shows that almost pure reabsorption (decay fraction < 25%) is equally frequent as complete diabatic
decay (decay fraction = 100%), while intermediate scenarios are relatively rare. Considering all events with a decay fraction
of <50% as reabsorption and all other events as diabatic decay shows that reabsorption accounts for almost half (47%) of the
disappearances of 2D PV cutoffs. During lysis of 3D PV cutoffs, reabsorption is with a share of 54% even a little more frequent
than diabatic decay. This result disagrees with the expectation by ? that diabatic decay dominates. Figure ??b,c provides the
following explanation for this result: Reabsorption predominantely occurs for large PV cutoffs with comparatively high PV,
values. For an individual 3D PV cutoff this is usually the case on higher isentropic levels, where it is closer to the stratospheric
reservoir. Hence, at higher levels, chances are high that the PV _cutoff is reabsorbed by the stratospheric reservoir. It may
also occur that the reabsorption is transient, ' i
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positioned poleward-ofthe-a PV cutoff is reabsorbed and later again detached from the stratospheric reservoir several times
during its life cycle. This behavior has been shown by ? for two case studies over Europe. Complete diabatic decay, on the
other hand, occurs typically at lower levels where the PV cutoff is smaller and has lower PV values. We conclude that, on a
global average, diabatic decay and reabsorption are equally relevant for the three-dimensional life cycles of PV streamer-and

ed-surface-eyclone()—Given-the-high-genestsfrequenctesin-the-storm-tra egions-cutoffs,

The geographical distributions of reabsorption and diabatic decay events of 2D PV cutoffs are visualized in Fig. ??. The maps

show the seasonal mean frequency of reabsorption (Fig. ??a,c) and decay (Fig. ?2?b,d) occurrence within a 500 km distance of a

articular grid point in DJF and JJA. The geographical patterns of both categories resemble the PV cutoff frequencies presented
in Fig. 22, revealing that they can both occur during all phases of the life cycle. However, frequencies are particularly high where
also lysis frequencies are high (Fig. 22 i

?2?a,c). Lysis maxima at higher latitudes are preferentiall
near reabsorption maxima, and at lower latitudes near decay maxima. During DJF, in particular the lysis maxima over the

Cyellow-contours)in-the-vieinity-of the-southern US, the US east coast, the Mediterranean, southern South America, South
Africa, and southeast of Australia are dominated by diabatic decay and the ones over Alaska, Russia, and the southern Ocean
around Antarctica by reabsorption. In JJA, diabatic decay dominates lysis maxima over the western US, the Mediterranean,
the Caribbean, South Africa and south of Australia, Reabsorption more strongly contributes to lysis maxima over the northern
North Pacific, the Hudson Bay, south of Iceland, and again the southern Ocean around Antarctica. Hence, even if they are
roughly equal on a global average, the frequencies of diabatic decay and reabsorption strongly depend on the region.

3.2 Climatological characteristics of PV cutoffs with different positions relative to the jet streams

The discussion of climatological frequencies in Sect. 22 suggested a strong relationship between PV cutoff occurrence and
the position of jet streams. Additionally, Sect. ?? showed that a central characteristic of PV cutoff life cycles, the frequencies
of decay and reabsorption, has a remarkable regional variability. In this section, we investigate characteristics of the life
cycles of PV cutoffs, which differ in terms of their position relative to the jet streams. This not only provides insight into
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fundamental properties of PV cutoff life cycles, but also serves to explain parts of their regional variability. To this aim, PV
cutoffs are classified into three types: Type I forms equatorward of the jet stream, Type 1T between the polar and the subtropical
jet streams, and Type III poleward of the jet stream (for details see Sect. ??). This classification of PV_cutoffs according to
the jet-relative position follows early studies by ? and ?. According to the considerations in Sect. 22 and the fundamental

understanding of RWB and baroclinic life cycles (e.g., 2?) the jet-relative position is expected to be strongly linked to the t

antieyelonie shear side Therefore, the classification used here is also related to the one proposed by ?, which was based on the
shape of the breaking upper-level wave. Please note that the supplementary material S3 (Figs. S2-S4) illustrates example cases
for each of the three types._

The climatological frequencies of the three types reveal that each occurs in preferred regions with different seasonal cycles (see
supplementary material S1, Fig. S1). The summer maximum in the subtropical ocean basins is dominated by Type I cutoffs. In
the other seasons, in particular winter and spring, this cutoff type is infrequent. On the contrary, Type IL occurs most frequently
in winter in mid-latitudes between about 30-50° latitude and particularly frequently in regions with split-jet conditions (e.g.

the Mediterranean, California, Australia, New Zealand). Type I hardly occurs in summer and has moderate frequencies in the
autumn and spring, Finally, Type IIT occurs at higher latitudes and in the storm track regions all year around.

The regional differences in their occurrence already suggest that the meteorological environment may strongly vary between
the three types. In the following, synoptic composites at the time of PV cutoff genesis are presented for each of the three types.
The composites contain all PV cutoffs of the respective type in the dataset, i.e., cutoffs in all seasons and both hemispheres
(fields from the Southern Hemisphere are flipped in the meridional direction). The environment of Type Lis characterized by
a strongly anticyclonic tilt of the potential temperature field at the dynamical tropopause, which is a clear sign of anticyclonic

??a). The wave breaking occurs in a region with anticyclonic wind shear equatorward of the jet

Rossby wave breaking (Fig.

streamand-at-the-eastern-flank-of-asubtropieal, as indicated by the composite zonal wind (Fig. ??a). Type I PV cutoffs form over
aresult in only weak surface

a surface anticyclone and dews

precipitation (Fig. ??d

tea-). Type II PV cutoffs are also

the result of anticyclonic RWB equatorward of the jet stream, albeit with a weaker anticyclonic tilt (Fig. ??b). Consistentl

and in contrast to Type I, the wind speed increases also equatorward of the PV cutoff, resulting in a cyclonic barotropic shear
and counteracting the anticyclonic tilting of the PV streamer. Such a situation can result in a cyclonic break-up of the tip of
the PV streamer (as for the case shown in the supplementary material Fig. S3), featuring a mixture between anticyclonic and

ig. ??e). Precipitation is highest east of

the cutoff centre, where the sea level pressure field shows signatures of a developing surface cyclone. Finally, Type III cutoffs
form from an upper-level wave with no or a slight cyclonic tilt poleward of the jet stream (Fig. ??c). The-tiltof the regton-with
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subtropical jet it ean-break-eyelonieally-to-formaPV-eutoff located They are associated with a pronounced surface cyclone
and substantial precipitation (Fig. 22f, although less than for Type II).

To gain insight into the quantitative link between PV cutoffs and surface cyclones beyond composites, the two weather systems
are linked on an event basis. It is well established that upper-level PV anomalies can play an important role for the genesis

and intensification of surface cyclones (e.g.

22?2?) and thereby strongly affect surface weather. As noted in the introduction

PV _cutoffs have been linked to surface cyclones for individual cases or climatologically within certain regions. While most
studies focused on surface cyclones and then considered potentially associated upper-level PV anomalies, here, we focus on
PV cutoffs and ask how often we find surface cyclones in their proximity (for methodological details see Sect. 22). Consistent
with the composite sea level pressure, the frequency with which a PV cutoff is close to a surface cyclone during its life cycle
varies substantially among the three types (see percentages in Fig. 2?d-f). More than half of Type III cutoffs, almost 40% of
Type II cutoffs and less than 8% of Type I cutoffs are linked to surface cyclones. Itis also interesting to note that even for Type
I1L, a substantial fraction of PV cutoffs is never linked to a surface cyclone.

These results reveal that there are fundamental meteorological differences between the three PV cutoff types, supporting the
view point that the formation of PV cutoffs with different jet-relative positions can be understood as a result of the two
archetypal baroclinic wave life cycles (LC1 and LC2, ?). LC2 results in cyclonic RWB and PV cutoffs poleward of the jet
stream, often close to the surface cyclone (Type III). LCI results in anticyclonic RWB and PV cutoffs equatorward of the jet
stream in summer (Type I), and between the polar and the subtropical jet streams —A-similar-butless-clearseenario-oceurs
also-over California-(Fig—2?a)- The synoptie pattern-in-the-in winter (Type II). These PV cutoffs are well separated from the
primary surface cyclone (which generally remains confined to the storm track regions¢westernNorth-Atlantic-and-southern

adian Ocean—eloce—to—An onclv—recamble celanie_wave bre no ra oo in DY, a

eyelonie shear side-of the jetstream-are-clear-indicators-of this-). However, the formation of Type II cutoffs can be related
to secondary cyclogenesis downstream of the primary surface cyclone. From an impact point of view, Type II cutoffs are of
particular interest. They are not only associated with the highest precipitation rates and a significant influence on the surface
pressure field, but also frequently occur in populated areas.

Next, some basic characteristics of the life cycle of the three PV cutoff types are analyzed and compared. To this aim, empirical
distributions of six characteristics are shown for each type in Fig. ?2. For continuous variables we show density distributions
and for discrete variables normalized histograms. The lifetime shows a roughly exponential decay after the minimum duration
of one day required in this study. The distributions are very similar for the three cutoff types, with a tendency for Type 1
cutoffs to last shorter than the others (Fig. ??a). Larger differences appear for the spherical distance between genesis and lysis,
which is substantially smaller for Type I cutoffs (Fig. ??b). Theseresults-and-interpretations-are-consistent-with-the-maxima-of

nd-eentral- Europe-(the North-Atlantie)found-by-2-The mean
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is slightly above 2000 km, while it is about 50% larger for Types II and 1IT. Consistently, the average propagation speed is also
lowest for Type I, followed by Type IT and Type III. These differences are of course related to the preferred regional occurrence
of the three types. While Type I occurs preferrentially in regions with low climatological zonal wind speed, Type 1Ll occurs in
the storm tracks, where zonal winds are stronger. Type Il occurs in regions with moderate zonal wind speed and consequently,
its propagation speed is intermediate. These results also show that the picture that PV cutoffs are mainly quasi-stationary
systems is misleading. In fact, many PV cutoffs travel several thousand kilometers. This result stands in contrast to studies

wave-breakingequatorward-ef-thejet—stream—Two other key characteristics of PV cutoff life cycles are the frequencies of

decay and reabsorption. Section ?? already pointed out that substantial regional differences exist. Here, we find that for Type
11 cutoffs reabsorbtion is more frequent and, consistently, decay less frequent than for the two other types (Fig. ??bejand
PV-eutoffsin-the-Hudson-Bay show signatures-of eyelonie-wave breaking-22d,e). More than 80% of all Type IIl PV cutoffs
experience at least one reabsorption event, but only slightly less than 60% experience a decay event. For Type [, these numbers
are 63% for reabsorption and 80% for decay. Also here, Type ILhas intermediate values. A reason for these differences could be
that Type I and Type IL cutoffs are generally further away from the stratospheric reservoir, rendering reabsorption less probable.

Finally, the mean isentropic level of the PV cutoff during its life cycle is considered (Fig. 22a)—Over-Australia-and-the Baltie

studies and the composite analyses (Fig. ??a-c), the differences between the three types are substantial. Type T occurs mainly.
above 325 K, Type Il between 300 K and 320 K, and Type Il between 290K and 305 K. In addition, the distribution is narrower
for Type I compared to the other two types. These results further demonstrate the importance of considering a large range of
isentropic levels to capture all PV cutoffs in different regions and seasons.

4 PV cutoff life cycles in selected genesis regions

In the first part of this article, global patterns and characteristics of PV cutoff life cycles were discussed and it was shown that
the position relative to the jet streams helps to explain some of the large variability of PV cutoff life cycles. Previous case

studies (e.g., 2???7?) suggested that the life cycles of PV cutoffs including their surface impacts can also be strongly modified

by characteristics of a specific geographical region (e.g., orography, moisture availability, and sea surface temperatures). In
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addition, there is a particular interest in the scientific community to study PV cutoffs and their impacts in specific geographical

?), North America (e.g., ?), East Asia (e.g., ?)

?). Therefore, in this section, subsets of PV cutoff tracks are

regions systematically, for example in Europe and the Mediterranean (e.g.

South Africa (e.g., ?)

investigated, selected according to their genesis within clearly defined geographical regions. This approach is complementary.
to the separation of PV cutoffs according to their jet-relative position. We demonstrate here that the global climatology is useful
to perform regional analyses of PV cutoffs based on a consistent methodology, allowing for a better quantitative comparison
of PV cutoff life cycles across geographical regions than it was previously possible.

South America (e.g., ? and Australia (e.g.

individual-eases—n—partientar—In DJF and JJA, six genesis regions are selected subjectively, also considering regions that
were previously discussed in the literature (see black boxes in Fig. ??a,c; for more details see Table S1 in the supplementar
material). This selection does by no means include all interesting regions (it contains roughly 6% of cutoff tracks in the PV

s-dataset) and we encourage the community to use our dataset
for further analyses. In the following, various aspects of the life cycles of PV cutoffs with genesis in these twelve regions are
investigated. We start with a discussion of PV cutoff tracks and then discuss their vertical evolution and lifetimes. The vertical
evolution is then linked to the occurrence of diabatic decay and reabsorption along the life cycles. Finally, the last part of this

section previde-elear-evidencefor-distinet-wave-breakingseenariosleading-to PV-eutoffsin-differentreg

link to surface cyclones, in particular focusing on the chronology of the life cycles of PV cutoffs and surface cyclones.

4.1 PV cutoff tracks

NextFirst, an overview of the tracks is given-presented for all selected genesis regions. Figure ?? shows the tracks and lysis
points for the six regions selected in DJF. For-In all regions, PV cutoffs tend to travel eastward. Most PV cutoffs forming over
California move across the Rocky Mountains, where some tracks already end (Fig. ??a), consistent with the lysis maximum
there in Fig. ??a. However, many continue to move northeastward over the southern and eastern US, and some even travel
far into the North Atlantic. PV cutoffs forming over the westernNerth-Atlantic-mestly remain-over-the North-Atlantie; some

towards Northern Europe, but some even propagate into the Mediterranean, towards the North Pole, or across Russia (Fig.

??b). PV cutoffs with genesis over the western Mediterranean first travel southeastward across the Mediterranean and then

tend to move on a more eastward or northeastward path over eastern Europe and the Middle East, where many tracks end (Fig.
??c). Very-few-end-theirlife-eyele-inthe-genesisbex—The tracks with genesis over the eastern South Pacific and over South
Africa are strikingly similar (Fig. ??d,e): they lead southeastward across the southern tips of South America (Seuth-Afriea)

and South Africa, where many tracks end over landand-seme-reach-, and some cutoffs travel further into the South Atlantic

{SeuthPacifie)—PV-eutoffs-and the South Pacific, respectively. However, PV cutoffs over South Africa travel on average about
400 km farther, PV cutoffs forming close to Antarctica travel far-relatively zonally eastward and a few almost fully around

Antarctica (Fig. ??f). In each of the regions one particular PV cutoff type dominates but to differing extents. For example, over
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the Nordic Seas and the Antarctic Ocean, Type ITLis most frequent. However, while it strongly dominates over the Antarctic
Ocean (almost 90% of the cases), Type ILis also frequent over the Nordic Seas (only 70% of Type IIT). The average spherical
distance between genesis and lysis ranges between 1860 and 2353 km and is therefore well within the interquartile range of all
In JJA (Fig. ??), PV cutoffs also mestly-travel-eastward-travel eastward on average in all selected regions except the ones
forming over the central subtropical North Atlantic (Fig. ??ba). There, they tend to move along a northeastward tilted band in
either direction or remain stationary (many end their life cycle in the genesis box). Together-with-PV-eutotfsforming-over-the

sk—In all regions except Australia, most PV cutoffs

do not travel very far and most of them end their life cycles within or slightly outside of the genesis box (Fig. ??e)+—e—atthe

besinnine—ofthe North-Atlan nd- North-Pacif O Move—eastward-and-contribute—to-thehioh-Iv o

the distributions of all cutoffs of the three t
Northern Hemisphere summer compared to the other seasons. On the contrary, cutoffs with genesis over southwest of Australia

are very mobile with many of them moving out of the genesis box across southeastern Australia and some far into the South
Pacific or the Antarctic Ocean (Fig. ?2f).

es (Fig. 2?b). This is consistent with the generally lower zonal wind speed in

4.2 Vertical evolution and half lifes

Further differences and similarities of the life cycles of PV cutoffs forming in the selected regions become-apparent-when
looking-atappear in composites of their vertical evolution. Figure ?? shows, for each of the six genesis regions selected in DJF,
the frequency of PV cutoffs on all considered isentropic levels during their life cycle. First, it becomes obvious that the isentrope
with the highest frequency and the vertical range of isentropes with PV cutoffs vary substantially between regions. For example,
PV cutoffs over California can be found at levels from 290 K up to 345340 K (Fig. ??a), whereas over the Mediterranean they
are restricted to levels below 330 K (Fig. ??c), even if the level with the highest frequency is similar (340-31+5around 310K in
both regions). Alse-PV cutoffs close to Antarctica occur preferably between 295-315 K (Fig. ??f), whereas PV cutoffs forming
over the eastern South Pacific and South Africa occur from 316305 K up to 356345 K (Figs. ??d,e). Figure-??-also-shows-that

during-the-days-aftergenesis{(This of course reflects to some extent the differences between the cutoff types (Fig. 2?f). But the
differences between regions where the same cutoff type dominates (e.g.Califernia;-westernNorth-Atlantie;the- Mediterranean,

see-Calfornia and Mediterranean) show that specific regional aspects are important, too.
In all regions, frequencies are highest about one day after genesis (Fig. ??a-¢). A main reason for these-two-properties-this

is that PV cutoffs form on a lower isentropic level first and as the break-up of the PV streamer continues, additional vertical

levels become part of the PV cutoff until it reaches its full vertical extent. Interestingly, the timescale of roughly one day until
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reaching the maximum frequeney-extent is consistent across all regions, indicating that it can serve as a-glebal-an estimate

of the average time required for the complete break-up of a PV streamer into PV cutoffs. In addition, for PV cutoffs over the

eastern South Pacific and South Africa, the frequencies increase also below the level of maximum frequency during the first day.
The only explanation for such an evolution is that these PV cutoffs grow downward, indicative of troposphere-to-stratosphere
transport. On the contrary, for PV cutoffs over the Mediterranean the frequencies below the level of maximum frequency
decrease rapidly, indicating diabatic decay and stratosphere-to-troposphere transport. For Antarctica, there is not much vertical

displacement during the first two days, indicative of a rather adiabatic evolution.
After one day, the cutoff frequency gradually decreases in all regions and the number of active cutoff tracks follows relatively

closely an exponential decay. This indieates-shows that the probability of a PV cutoff track to end is relatively constant, i.e.the
“death™, the lysis of PV cutoffs can be regarded as an exponential decay process. We use an exponential curve fitted to
the number of active tracks after genesis to estimate the half life 7 /o of the PV cutoffs once they have overcome the 24 h
minimum duration required in this study. This value ranges-between-38is surprsisingly similar across regions and ranges from
25h (South Africa) and-64to 31 h (Mediterranean). Hence, the median lifetime is between 52-and-8849 and 55h and the
expected (i.e., mean) lifetime T [computed as H@h—kﬁg—*}ﬂg—)i%&w&] between 79-and-1660 and
69h. Fhi tons—Hence, across the regions considered, the
lifetimes do not vary strongly and expected lifetimes are close to the mean lifetimes of the three cutoff types (Fig. 2?a)..

A similar picture appears for JJA (Fig. ??), where maximum frequencies are also found roughly one day after genesis in all
regionsand-they-deeay-, decaying approximately exponentially afterwards. Interestingly;-the-isentrope-of-maximum-frequeney
gracually-deereases-during-the tife-eyete-of-the- Downward growth is also apparent for PV cutoffs over the central and eastern
subtropical North Atlantic (Fig. ??a,b), indicating-a-downward-growth;-while over Australia it-risesrapidly-by-more-than5K
within-the first two-days PV cutoffs rapidly disappear at lower levels (Fig. ??f);indicating rapid-decay-atlower-fevels-Striking
is-also-, A further interesting aspect is the gradual lowering of the isentropic level with the maximum frequency along the

transect of genesis regions from the central to the eastern subtropical North Atlantic and to the Mediterranean (Fig. ??a-c)
consistent with an increase in latitude. Particularly noteworthy is the very large half life (++470h, =188T = 125h) of the

PV cutoffs forming over the central subtropical North Atlantic(Fig—22?b}, which is more than two times longer than fer-the

22in all other regions. On the contrary, PV cutoffs over the
Mediterranean have a substantially shorter half life (22 h, 7' = 52 h) than in all other regions, in particular also than PV cutoffs
in the same region in DJF (Fig. ??c). PV cutoffs formlng over the Se&et—@khe%sle&nd—fhe—ﬁ&dseﬁ%ry—afe—ahwelﬁwelweﬁg

hifes-of 58h-and-5+hHudson Bay and the Baltic Sea have, similarly to PV cutoffs near Antarctica in DJF, not much vertical
displacement.

4.3 Diabatic decay and reabsorption

The climatological vertical evolution of the 3D PV cutoffs discussed in the previous section is determined by the appearance

and disappearance of 2D PV cutoffs on isentropic levels. A PV cutoff appears on an isentropic level either during the break-up
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process or as it grows downward, involving TST. While these processes are not directly quantified in this study, the pro-

decay and reabsorption, are. Whenever-aPV-cuteff-disappears-on-an-isentropic

cesses leading to disappearance, i.e., diabatic

Iysis—Herewe-firstinvestigate-the-global-statisties-of-In this section, the frequencies of diabatic decay and reabsorption ;-then

s—are discussed for the life cycles of PV cutoffs
in the selected genesis regions. As in Sect. ??, all disappearance events of 2D PV cutoffs with a decay fraction less than
50% are considered as reabsorption and all other events as diabatic decay;reabsorbtion-accounts-for-atmesthalf(47%)-of-the

First, we discuss the overall frequencies with which a PV cutoff in a certain genesis region in DJF experiences at least one
reabsorption event see Fig. ??) or at least one decay event during their life cycle (f;). They vary substantially between
roughly 50% and well above 80% across regions. Consistent with Fig. ??d.e, cutoffs in regions where Type III dominates
(Nordic Seas, Antarctica) have the highest reabsorption frequencies and the lowest decay frequencies and vice versa for

regions where Type I dominates (eastern South Pacific, South Africa). In regions with mostly Type II cutoffs (California

Mediterranean), both scenarios occur roughly equally frequently. It is also noteworthy that the frequency with which a share

A A0 axran A aen o

—a-PV cutoff isreabserbed-and-lateragain

and-hastower PV-valaes—experiences at least one decay event during the life cycle is 20 percent points larger over the Nordic

Seas than close to Antarctica, even if Type III dominates in both regions. This shows clearly that regional aspects are also
relevant,

These overall frequencies are complemented by the vertical distributions and temporal evolution of reabsorption and diabatic
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decay events-for-the-genesisregions-in-DIFis-shownin-frequencies (Fig. ??-Indeedin-allregionsthe-diabatie- decay-maxima-),
In all regions, diabatic decay tends to occur at lower levels than the-reabsorptionmaxima-Henee-thereduetionreabsorption, In

already immediately-after genesis-and black contours in Fig. ??) below the level of maximum frequency, reabsorption rather
leads to the reduction in frequencies above and, white-hence, the combination of the two determines the climatological vertical
evolution. Consistent with the exponential decay of the number of PV cutoffs after 1 day, decay and reabsorption frequencies
are particularly high between about 1-2 days after genesis in all regions. However, while only a low fraction of PV cutoffs over

the eastern South Pacific and South Africa (Fie-22de)-this-is-the-ease-only-aboutone-daytater—PV-cutoffs-with-genesis-ove

he_experiences
decay during the first 12 h after genesis, this occurs more frequently for cutoffs in the other regions. This indicates differences
In JJA (Fig. ??) the values of f,. and f,; also vary across regions. However, here, regions with the highest f,. (well above
the climatology of Type 1 (f,=66%). PV _cutoffs there-end-theirtife-eyele-with-reabsorptionover the Mediterranean , which
are also dominated by Type I, have a lower f,. of 60%. Noteworthy is also the significantly lower f,. of PV cutoffs over the
Mediterranean in summer than in winter. consistent with the climatological differences between Types I and II.

I HA(Fig—27)-the general-pattern-with-deeay-The vertical distributions and temporal evolutions of decay and reabsorption
frequencies show in JJA a similar general pattern as in DJF with a tendency for decay to occur at lower levels and reabsorption
at higher levelsis simitar to- DI, Both scenarios are particularly frequent betwen 1-2 days lifetime. Reabsorption rarely occurs
during the first 12 h while, in some regions, decay is already quite frequent initially. This is likely the case because PV cutoffs
are still in the break-up stage. Unexpected are the frequent decay events on 335 K for PV cutoffs over the central subtropical
North Atlantic (Fig. ??ba), as at the same time the frequencies-at-these-levels-inerease-over-timecutoff frequency at this level
remains fairly constant. This indicates that the many decay events must be evercompensated-compensated by the downward
extension (i.e.many-appearances-atlower-levels, many appearances), such thaton-average-, on average, these PV cutoffs grow
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€th—ﬂ&e}er~deea¥ﬂ;tg—ﬂbﬂ-}eeelﬁfeﬂe&wﬁhm~&599do not decay on 335 km-distance-of-a-particulargrid-peintin DIE
K during several days.

4.4 Link to surface cyclones

Finally, we analyze the link of PV cutoffs to surface cyclones in the different genesis regions. Similarly to Sect. ?? and with
the approach described in Sect. ??, we identify situations where PV cutoffs are located near surface cyclones and ask: How
frequently are PV cutoffs linked to a surface cyclone in the different regions? In addition, we analyze how this frequenc

diabatically-aectivelowerlevels-of-. Finally, we investigate how PV cutoff life cycles and and cyclone life cycles are temporall
linked, e.g., address the questions: Does cyclogenesis occur before or after PV cutoff genesis? If it occurs afterwards, does
it occur in the vicinity of the PV cutoff? Answering these questions will not only provide information on how the surface
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utoffs varies across regions, but

also on how PV cutoff life cycles are linked to the life cycle of the low-level baroclinic wave signal in the different regions.
Figure ?? provides the relevant information for the genesis regions in DJF(Fig—22);-FST-s-highestduring-genesis-and-gradually

eyele-of PV-, are linked to surface cyclones in 58% and 68% of the cases, which is even higher than the climatological value
for Type III. The lowest frequencies (28-33%), albeit well above the climatological value of Type I, occur for cutoffs over the

and South Africa have intermediate frequencies, close to the climatological frequency of Type III. The high frequencies for

PV cutoffs
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—over South Africa (46%) are noteworth
as many of them are Type I cutoffs, which, climatologically, are only rarely linked to surface cyclones. The generally higher
frequencies compared to what could be expected from the climatological frequencies of the dominant type in each region

indicate that in the considered regions cutoffs are particularly relevant for surface cyclones.
880 L . . .

Seuth-AttantieThe frequency of PV cutoffs linked to surface cyclones as a function of lifetime increases over California, the
885 MQMQ South Africa, and seuth-w i i ;

890

895

“This shows that PV cutoffs

linked to surface cyclones are particularly long lived. Because PV cutoffs that are initially linked to surface cycones are not
exceptionally long lived (not shown), an explanation could be that longer lived PV cutoffs result in cyclogenesis later dur-

900 ing their life cycle.

and-how-old-are-these-eyelones?This reason could also explain why the frequency of PV cutoffs forming over the Nordic Seas
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and in particular the Mediterranean initially decreases but shows a secondar

An-insightful-way-to-address-this-question-isto-eount-This aspect can be partly resolved by counting all PV cutoffs that are
at lifetime ¢4 5 ¢ linked to a surface cyclone at lifetime £cycione and show these eountsfrequencies in a teutoff VS. teyclone

diagram -

2?shows—such-a-diagram-for-the-genesisregions—in-DPI(shading in Fig. ??). For example, the gfeeﬂ%b}ue%e*e%ygvllvov\gvaglvdy
black colors in the leftmost column in Fig. ??b-f show that, at their genesis, PV-eutoffs-over-the-western-North-Atlantic-are

preferentially-about 20% of the PV cutoffs close to Antarctica are linked to surface cyclones that are about+-3-between 1-2
days old. The diagonal displacement of these green/blue-boxes-yellow colors for higher PV cutoff lifetimes indicate that the
PV cutoffs stay-remain linked to the surface cyclones for-afew-days+te—they remaintinked-and-and the two propagate and
become older together. The transition to beige/grey-blue colors along this diagonal shows that the number of these initial links

decreases with time. A link disappears either because the PV cutoff decays, the surface cyclones decays, or the surface cyclone

and the PV cutoff move away from each other. Fhe-green/blue-As another example, the yellowish boxes in the lowermost row
in Fig. ??b-indicate-that-many-¢e show that about 10% of the PV cutoffs with genesis in-the-westernNorth-Atlantic-are-tinked

gygv&)llﬂlmmwmmi to surface cyclogenesis after a cutoff lifetime of 0. S%d&ys—flihese—}mkﬁemaﬂffeﬁfewdays

O-to-mere-than—1.5 days.

characteristie-pattern—Hatf-of the-lifetime occurs in all regions and can partly explain the increases or local peaks in the
fraction of PV cutoffs linked to surface cyclones during their lifetime. In general, the preferred timing of PV cutoff life cycles
and surface cyclone life cycles differs across regions. For example, over the Mediterranean, the most frequent scenario is that
&WMWWMMMPV wmwww%%ﬂ%@%mm%ﬁm

linked to the PV cutoff for about 1-2 days. A similar scenario, but a bit an earlier cyclogenesis, occurs for PV cutoffs close

to Antarctica. For cutoffs over the Nordic Seas, scenarios with cyclogenesis between about 2 days prior and 1.5 days after
PV cutoff genesis - i i i et i

e-are.

all roughly equally frequent. And the most frequent scenario for PV cutoffs forming over the-eastern-Seuth-Paeifie-are-linked

ys-South Africa is
Mgmof the PV cutoff hf&eye}eﬂﬂdﬂkeﬁghefﬂyﬂﬂe%eyelegeﬂeﬁs—Qve%between 0.5-1.5 days after
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PV cutoff genesis. Hence, over South Africa, almest-60%-cyclogenesis occurs as a concequence of the PV eutoffs-are-linked
to-surface-eyelones—Mestly—cutoff, while over the Mediterranean and Antarctica, PV cutoff formation is rather the result of

surface cyclogenesis and associated in-situ baroclinic development. The latter scenario is consistent with the classical picture of
the 1 . o . . .

tas-shown by-the rapid-drop-of the-green-curve-in-FigLC2 evolution and the composite of Type III cutoffs (Fig. ??¢,f), which
shows a well developed surface cyclone at PV cutoff genesis [see also the case shown in the supplementary material Fig. S4].
But also secondary cyclogenesis ahead of an equatorward extended PV streamer forming downstream of an LCI evolution and
subsequent cyclonic break-up may result in a situation where PV cutoff genesis follows or co-occurs with surface cyclogenesis
[as it can occur for Type II cutoffs, see Fig. ??b,e and associated discussions and supplementary material Fig. S3]. #%e-)-

Also in JJA, the different regions show distinct characteristics (Fig. ??). The relative frequency of PV cutoffs linked to a
surface cyclone during the life cycle ranges between 8% over the central subtropical North Atlantic to 58% over the Hudson
Bay. It is lowest for regions where Type I dominates and highest for regions where Type III dominates, consistent with the

over the Mediterranean are substantially less frequently linked to surface cyclones thatfermed-roughly1-2-days—priorto PV

o sanacte—A o110 A ha diffaran Ac1on ho dictin N Aarn i o ANMan D P scoaneucaventeover-A

eeeur-in JJA compared to DJF, in agreement with the seasonality of the Mediterranean storm track (e.g., ?). Surface cyclones
linked to PV cutoffs over Australia frequently form almost simultaneously with is(the PV cutoff [Fig. ??f)-

ho Medite naom and Qo A - DIE- P\,

5 2 = STSTS Y Y & ST y o 5

inPDJE-Over-the HudsonBay-, consistent with a Type Il evolution and the example in this region shown in the supplementa

material Fig. S3]. On the contrary, surface cyclones linked to PV cutoffs over the Hudson Bay and the Baltic Sea preferentiall
form up to several days prior to PV cutoff genesis (Fig. ??a);PV—cutoffs-follow-asimilarpattern-as-over-the-western Nerth

A tlan - PDIFE-with—manv—PV o h a agrly 1a tha a_cvelelinked—to see—eveloneswith—evelosene a—fe

ays-d.e) as it can be expected for a classical LC2 evolution that results in Type III cutoffs. In most regions, the fraction of
PV cutoffs linked to a surface cyclone increases with the lifetime of the PV cutoffs during the first couple of days. Again, this
can partly be linked to cyclogenesis in the vicinity of the PV cutoff after genesis, which occurs in most regions. But it can also
occur that, after a couple of days, PV cutoffs meet a relatively old surface cyclone (as indicated by increases in the frequencies
along a diagonal, e.g.. around a t ey OF their lifetime-Over-4 days and a Leyciane Of 1.5 days over the Baltic Seaand-the-Sea

of-Okhotsk;-the-patterns-are-le ear-and-more-orlessany -kind-of-linkagetosurface-eyelonesean-oeeur—, Fig. ?7e).

We conclude that there are general consistencies of the linkage between PV cutoffs and surface cyclones in the considered
regions with archetypal baroclinic wave evolutions and the corresponding PV cutoff types. However, the wide range of
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combinations of PV cutoff lifetimes and cyclone lifetimes that can occur when the two systems meet shows that potentiall
complex evolutions take place. Further, the substantial differences between regions with the same dominant cutoff type show

that specific local processes (such as, e.g., orographic influence on cyclogenesis) may play an important role.

5 Diseassion-Summary and Conclusions

In this study, a novel approach to identify and track PV cutoffs as three-dimensional objects was introduced and applied
to ERA-interim reanalyses for the years +979-26471979-2018. This climatology of PV cutoffs is the first that comprises all
near-tropopause cyclonic vortices, because it is global and independent of the selection of a vertical level. As the tracking is
based on isentropic trajectories, it further allows quantifying €4 i i

exchange-diabatie-decayreabsorptiom)diabatic decay and reabsorption. The resultmg climatological dataset was used to study
the life cycle of PV cutoffs in detail. In the followingth

these-discussions; three-archetypes-, a summary of the main results is given, separated into the three overarching findings, which
are: (1) new insight into climatological occurrence and frequencies of decay and reabsorption, (2) a meaningful classification
into three PV cutoff types, and (3) substantial regional variability of PV cutoff life cycles are-propesedand relevance of their
vertical dimension. Fmally, a brief outlook for further research is given. Nefe—agm&%hat—iﬁﬁm—smdy—ﬁ%wefkeh#eﬁme

5.1 €limatelogieal-New insight into climatological frequencies, decay, and seasonal-eyelereabsorption

Many of the presented frequency, genesis and lysis maxima of PV cutoffs are consistent with previous climatological studies-

but some previously unknown regions of

in-this-stady-, the circumpolar band around Antarctica). A main novelity of this study is that all of them are identified based
on a consistent methodology and independent of the selection of a vertical level%&e%ﬂﬂg}yu%hehigh&l%etﬁoﬁf—frequeﬂe}e%
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to-oceur{e-g—7)-and-another one, providing the most comprehensive climatological picture of PV cutoffs so far. It reveals that
PV cutoffs in summer occur frequently over subtropical ocean basins equatorward of the jet stream, and at higher latitudes, in
particular in the storm track regions —poleward of the jet stream. In winter, PV cutoffs occur either poleward of the jet stream
or, particularly frequently, in regions with split-jet conditions between the polar and subtropical jet streams.

the first climatological quantification of diabatic decay and reabsorption revealed that both scenarios occur equally frequently,
in contrast to the prevailing opinion that diabatic decay dominates. While decay tends to occur on lower isentropic levels,
reabsorption is more frequent on higher isentopic levels. In addition, we found that the two scenarios have distinct geographical
patterns of occurrence. This novel analysis sheds new light into a fundamental aspect of dynamical meteorology. In addition,
the frequent occurrence of reabsorption may be relevant for midlatitude predictability, because it is a nonlinear interaction of
the PV cutoff and the PV waveguide that potentially results in large uncertainties in the Rossby wave pattern (see, e.g.friction;

5.2 Meaningful classification into three PV cutoff types

Following ? and ? we classified PV cutoffs according to their position relative to the jet stream (Type I: equatorward, Type 11:

between two-jets, Type III: poleward). We argue that such a classification is meaningful from both a fundamental atmospheric

dynamics as well as from a predictability and impacts perspective. The main characteristics of the three types are summarized
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genesis-oceurs-either as-antieyetonie RWB-equatorward-of From a fundamental atmospheric dynamics perspective, the results
show that PV cutoff life cycles can be linked to the well-established archetypes of baroclinic wave life cycles and Rossby.
wave breaking. Type I forms in the subtropics from anticyclonic Rossby wave breaking and can be regarded as the result of
an LCL type evolution. Type III forms mainly in the storm track regions from cyclonic RWB, which is consistent with an
LC2 type evolution. Finally, Type II forms in subtropics and mid-latitudes and, similarly to Type I, from anticyclonic RWB.
But, on the contrary to Type L it forms in an area with cyclonic barotropic shear equatorward of a (subtropical) jet stream,

the anticyclonic tilt and can result in a cyclonic break up of the PV streamer. While pointing out these consistent dynamical
scenarios, we also recognize the large variablity within each type and that individual evolutions may substantially differ from
these archetypes. Nonetheless, the classification may provide helpful guidance to study the predictability and surface impacts
of PV cutoffs. First: PV-cutoffs-can-be-very-mobile-in-manyregions-—Henee It stresses that particular attention should be given
to Type II cutoffs, because of their potentially substantial impact on surface cyclogenesis and precipitation and their frequent
occurrence in populated areas. In addition, given the different dynamical situations that lead to the formation of the three types,
substantial differences in the processes influencing their predictability can be expected. For example, for Type III, errors in

shorter than-three-days-{surface cyclogenesis process prior to PV cutoff genesis may be a major driver of errors related to the
PV _cutoff. Such an influence is not expected for Type I, because they are rarely close to surface cyclones. On the contrary,
errors related to anticyclonic RWB and/or the upstream surface cyclone might be particularly relevant for errors related to Type
Land IT cutoffs [similar to the cases discussed in, e.g.22?
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5.3 Substantial regional variability of PV cutoff life cycles and relevance of their vertical dimension

In the second part, subsets of PV cutoff tracks were selected based on twelve different genesis regions and their tracks, vertical
evolution, decay and reabsorption, and the link to surface cyclones were studied in detail.

We-A particularly novel aspect was a composite analysis of the vertical evolution of PV cutoffs along the life cycle, which
highlighted the relevance of the vertical dimension when investigating PV cutoffstsee Figs—2?-and-22)—, It showed that PV

cutoffs can extend over many isentropic levels and in different regions shew-exhibit different climatological vertical ‘footprints’
during their life eyelecycles. While some tend to rise to higher levels, others tend to sink to lower levels. Remarkably consistent
across regions is the average duration of about one day until the climatological maximum vertical extent is reached, i.e., until
the full three-dimensional break-up process is completed after PV cutoff genesis.

These vertical footprints of PV cutoffs are modulated by the appearence and disappearance of PV cutoffs on single isentropic

levels.

PV cutoff undergoes diabatic decay or reabsorption during its life cycle varies greatly between regions, Interestingly, in some
regions, these frequencies are substantially different from the climatological frequencies of the dominant PV cutoff type in the
respective region. This demonstrates that the probability for a PV cutoff to experience diabatic decay or reabsorption can be
strongly influenced by specific regional characteristics.

On the contrary, it is found that the expected lifetimes are relatively similar across most regions, with the notable exception
of PV cutoffs forming over the cental subtropical North Adantic, resulting-in-distinet vertical-evolutions-and-different fife
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was-Considering the link to surface cyclones we found that the frequency with which a PV cutoff is linked to a surface cy-
clone during its life cycle strongly depends on the region —While-in-the-stermtrackregions,most PV-—eutoffs-are-linked-te
surface-eyelones; PV-—eutoffs-in—subtropical regions-are-so-lessHrequentlyand that these differences cannot only be explained

with the climatological differences between the cutoff types, additionally suggesting that regional aspects matter. By analyzing
the frequencies of the possible combinations of PV cutoff life-times-and-life-timeslifetimes and lifetimes of the linked surface

cyclones, it was found that most regions have different-certain combinations that preferentially occur. PV-eutoffsean-be-tinked

to-surface-eyelones-thatformed-In regions with many Type II and III cutoffs, surface cyclones frequently form at or up to a few
days before-prior to PV cutoff genesisbut-alsos-as-, consistent with the archetypal evolutions associated to these two PV cutoff

types. As an important novel finding, they are frequently involved in surface cyclogenesis up to several days after they have
formed. This highlights that, while PV cutoffs have mostly been considered as weather systems at the end of a baroclinic life

cycle, they can also be initiators of new baroclinic life cycles.

5.4 ‘Threearehetypes-of Outlook
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ef-climatolo resented in this study open various opportunities for further research on this relevant flow feature. A major
advantage is that they can be used for global studies, regional studies, and, as a particular asset, studies to compare PV cut-

offs in different regionsef-the-globe-The-supplemen ary-materia Fioures ustrates- example cases foreacho

An interesting open question directly-emergingfrom-this-study-that can be adressed with the present dataset is for example
how many of the identified surface cyclogenesis events linked to a PV cutoff can be reasonably explained by the dynamical
forcing of the PV cutoff and how this aspect compares across regions and/or PV cutoff types. An aspect that we will address in
a forthcoming study is the role of PV cutoffs for (extreme) precipitation and-surface-eyelonesfeyelogenesis-on a global scale. A

related topic may be to quantify trends in PV cutoff frequencies and the link to precipitation trends [as for example investigated

for Australia by ?]. This would potentially contribute to the discussion about the role of dynamic and thermodynamic drivers of
precipitation changes (e.g., 7). Also, the role of particularly long-lived subtropical PV cutoffs (e.g., over the central subtropical

North Atlantic) for the export of tropical moisture into the mid-latitudes and subsequent heavy precipitation events [as shown

by ? for a case study] could be investigated. A-potentiallinkto-the-ocean—circulation-
Applying the presented methodology to other datasets even opens doors to answering further relevant questions. For example

diabatie-modification-and-therefore-the Jife-eyele-life cycles of PV cutoffs change under global warming. As it considers the

full three-dimensional evolution of PV cutoffs, the methodology is also particularly useful to study errors and uncertainty in
the structure and evolution of PV cutoffs changes-underglobal-warmingin operational weather forecasts.

Data availability. All data is available from the authors upon request.
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Figure 1. Schematic visualisation of the tracking methodology and the associated quantification of STT, TST, diabatic decay, and reabsorp-

tion on an isentropic surface in longitude-latitude space for situations with (a) perfect adiabatic advection of the PV cutoff, (b) adiabatic

advection and the presence of diabatic processes (c) the same as (b) but with splitting, (d) the same as (b) but with merging, (¢) complete

diabatic decay, and (f) reabsorption with little diabatic decay. See text for a detailed discussion.
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Figure 2. Schematic visualization of the construction of a 3D PV cutoff track from all overlapping isentropic 2D PV cutoff tracks. Isentropic

2D tracks making up the final 3D track are marked with blue lines and dots, and the isentropic tracks that are removed with red lines and

squares. See text for a detailed discussion.
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Figure 3. Seasonally averaged PV cutoff frequencies (shading, in %) and zonal wind speed (thick black line, 10, 20, and 30ms ) for (a)

DIE, (b) MAM, (c) JJA, and (d) SONéuring the period-1979-2017.

40



0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
No. events

Figure 4. Seasonal average number of PV cutoff genesis events within a distance of 500 km in (a) DJF, (b) MAM, (c) JJA, and (d) SONéuring
the-period1+979-26+7. The location of a genesis event is determined by the centre of the first PV cutoff of a track. Black boxes mark the

enesis regions investigated in Sect. ??.
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Figure 5. Seasonal average number of PV cutoff lysis events within a distance of 500 km in (a) DJF, (b) MAM, (c) JJA, and (d) SONduring
the-period1979-2017. The location of a lysis event is determined by the centre of the last PV cutoff of a track.
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Figure 6. (a) Histogram of the percentage of air parcels in a PV cutoff experiencing decay whenever the PV cutoffs disappears on an

individual isentrope (average annual number of events, 0% corresponds to pure reabsorption, 100% to complete diabatic decay), and (b,c

standard box plots (outliers not shown) of (b) mean PV and (c) area of the PV cutoff at the isentropic level from which it disappears for the

histogram classes in (a).
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No. of reabsorption events No. of decay events

Figure 7. Average number of (a,c) reabsorption (less than 50% decay, blue shading) and (b,d) diabatic deca

more than 50% decay, red
shading) events per season within a distance of 500 km for (a,b) DJF and (c,d) JJA. As reference, the contour for five reabsorption events per

season (blue contour) is shown in panels (b.d).
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Figure 8. Synoptie-Cutoff-centered composites duringPV-eutoff-genesisinDH-in-theregions—of (aa-c) €alifernta—equivalent potential
temperature at the 2 PVU isosurface (b)-western-North-Atlantieshading, te)-Mediterraneanin K, tdgiven as difference from the domain mean
value indicated at the top right of each panel) eastern-Seuth-Pacifie(e)-South-Afriea-and (HAntarctica—Shown-are seatevel pressuregrey
eontoursevery4-hPa);zonal wind speed at 256300 hPa (black-orange contours, %ﬂﬂd—%*ﬁtsj\gvl\l)é_l), anemaly-of-geopotential-height
at-256-hPa-and (d-e) total precipitation (shading, in gpdmmﬂ@l)r:iland frequencies—of stratospherie PV-—streamers-sea level pressure
type is indicated at the top of pancls (fewera-c)than-etimatotogy. Additonally, the percentage of PV cutoffs linked to a surface cyclone during.
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Figure 9. Same-as-Fig—22-butfor PV-ecutoff-genesis-in-HA-in-the-regions-Empirical distributions of (a) HudsenBaylifetime, (b) eentral
subtropieal North-Atlantiespherical distance between genesis and lysis locations, () eastern-subtropieat-Nerth-tlanticaverage propagation
speed, (d) Baltie-Seanumber of decay events, (e) Sea-number of Okhetskreabsorption events, and (f) Austratiathe mean isentropic level
during the life cycle PV cutoffs of Types I, Il and III. For alt-regions-in-(a,d.c.f) distributions are shown as normalized histograms with the
NerthernHemispherebar widths corresponding to unity, an-additionat-contour-of wind-speed-at 256 hPa-i.c., the vertical axis values can be
read as percentages, and for (20-m-s—b,black-contourc) is-distributions are shown as density estimates. Vertical lines indicate (solid) mean
values and (dashed) upper and lower quartiles.
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Figure 10. Tracks-All tracks (black lines)ane-, lysis points (red dots), and average tracks (orange lines, including average location at days 2
and 4) of PV cutoffs with genesis over the six selected regions (blue boxes) in DJF: (a) California, (b) western-North-AtlanticNordic Seas,

(c) Mediterranean, (d) eastern South Pacific, (e) South Africa, and (f) Antarctica. The average spherical distance between genesis and lysis
is indicated at the bottom right of each panel.
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Figure 11. Same as Fig. ?? but for JJA and (a) HudsenBay,(b)-central subtropical North Atlantic, (eb) eastern subtropical North Atlantic,
(¢c) Mediterranean, (d) Baltie-SeaHudson Bay, () Baltic Seaot-Okhetsk, and (f) Australia.
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Figure 12. Number of PV cutoffs present on all isentropic levels (shading) and total number of active cutoff tracks (green curve) and an
exponential function fitted to the number of active tracks after a lifetime of one day (red curve) as a function of lifetime for PV cutoffs with
genesis over the six selected regions in DJF: (a) California, (b) westernNorth-AttantieNordic Seas, (c) Mediterranean, (d) eastern South
Pacific, (e) South Africa, and (f) Antarctica. Values in the upper right corners correspond to PV cutoff half lifes. Orange contours mark

frequencies of (solid) 30, (dashed) 150, and (dotted) 300 cutoffs.
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Figure 13. Same as Fig ?? but for JJA and (a) HudsenBay;—«b)-central subtropical North Atlantic, (eb) eastern subtropical North Atlantic,
(c) Mediterranean, (d) Baltie-SeaHudson Bay, (e) Baltic Seaef-Okhetsk, and (f) Australia.
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(a) California (b) Nordic Seas (c) Mediterranean (DJF) reabsorption decay
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Figure 14. NumberRelative frequency of reabsorption events (blue shaded circles, in %) and diabatic decay events (red shaded rectangles,
in %) as a function of PV cutoff lifetime (binned into 12 hourly intervals) and isentropic level as well as the overall frequencies of at least one
reabsorption event ( f,-) or decay event (fy4) during the life cycle (numbers on top right of each panel). The climatological vertical evolution
of the PV cutoffs is indicated by the black eontourteontour—contours for 55-PV—(solid) 30 and (dashed) 150 cutoffs as shown in Fig. ??).
Shown are the six genesis regions in DJF: (a) California, (b) western-North-AttantieNordic Seas, (c) Mediterranean, (d) eastern South Pacific,
(e) South Africa, and (f) Antarctica.
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(a) central subtropical N. Atlantic (b eastern subtropical N. Atlantic (c) Mediterranean (JJA) reabsorption decay

360 £,=0.86, f;=0.74 f,=0.83, f;=0.72 ] £,=0.6, f;=0.77
eeQ 1 8
[eX X©) (@)©)
34010 [0X©] 1 1 (9)
© 0O
~ (o]
« 320 . .
3001 6
2801 1 1 5
(d) Hudson Bay (e) Baltic Sea (f) Australia
360 f,=0.78, f4=0.67 | f,=0.76, f5=0.72 | f,=0.73, f4=0.76 4
340+
3
« 320+
2
300+
280 1 1 !
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8  frequency (%)
days after genesis days after genesis days after genesis

Figure 15. Same as Fig ?? but for JJA and (a) HudsenBay;—«b)-central subtropical North Atlantic, (eb) eastern subtropical North Atlantic,
(c) Mediterranean, (d) Baltie-SeaHudson Bay, (e) Baltic Seaef-Okhetsk, and (f) Australia.
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Figure 16. Relative frequencies of PV cutoffs linked to a surface cyclone (shading. in %) as a function of cutoff lifetimes (Zcuzors) On the
PV cutoffs with a lifetime of at least 3 days that are linked to a surface cyclone at day 3. PV cutoffs positioned in the lowermost row of
the diagram are linked to a surface cyclone within 12 h after surface cyclogenesis and PV cutoffs positioned in the leftmost column of the
diagram are linked to a surface cyclone within 12h after PV cutoff genesis. The relative frequencies of PV cutoffs with at least one link to a
surface cyclone during their life cycle are indicated at the top right in each panel (fc,,). Shown are results for PV cutoffs with genesis in DIE
in the regions: (a) California, (b) Nordic Seas, (c) Mediterranean, (d) eastern South Pacific, (¢) South Africa, and (f) Antarctica.
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Figure 17. Same as Fig ?? but for PV cutoffs in JJA with genesis in the regions: (a) Hudsen-Bay(b)-central subtropical North Atlantic, (eb)
eastern subtropical North Atlantic, (¢c) Mediterranean, (d) Battie-SeaHudson Bay, (e) Baltic Seaof-Okhotsk, and (f) Australia.
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Table 1. Characteristics of the three propesed-types-of-PV cutoff Hfe-eyeles-types

Type I (equatorward)

Type I (between-jets)

Type LI (poleward)

genesis regions

subtropical ocean basins

subtropics and mid-latitudes

storm tracks and high latitudes

prevailing genesis mechanism

strongly anticyclonic RWB

moderate anticyclonic RWB,
can be followed by cyclonic

break-up

cyclonic/neutral RWB

season

particularly summer

particularly winter

year around

average propagation speed

1.3-10E3 km (day) !

1.7-10E3 km (day) !

2.0-10E3 km (day) ™!

range of isentropic levels

325-350K

295-320K

285-305K

reabsorption/decay | decay particularly frequent decay and reabsorption about reabsorption particularly
equally frequent frequent
intensitiy of associated precipitation | weakest most intense intermediate
frequency of link to surface cyclone | rare (7.7%) intermediate (39.6%) frequent (52.8%)
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