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ABSTRACT

Extratropical transition (ET) of tropical cyclones involves distinct changes of the cycloneOs structure that
are not yet well understood. This study presents for the brst time a comprehensive Lagrangian description of
structure change near the inner core. A large sample of trajectories is computed from a convection-permitting
numerical simulation of the ET of Tropical Storm Karl (2016). Three main airstreams are considered: those
associated with the inner-core convection, inner-core descent, and the developing warm conveyor belt.
Analysis of these airstreams is performed both in thermodynamic and physical space. Prior to ET, Karl is
embedded in weak vertical wind shear and its intensity is impeded by excessive detrainment from the inner-
core convection. At the start of ET, vertical shear increases and Karl intensiPes, which is attributable to
reduced detrainment and thus to the formation of a well-debPned outRow layer. During ET, the thermody-
namic changes of the environment impact Karl®s inner-core convection predominantly by a decrease of
U values in the inRow layer. Notably, notwithstanding KarlOs weak intensity, its inner core acts as a
OOcontainment vesselOO that transports thigtir into the increasingly hostile environment. Inner-core descent
has two origins: (i) mostly from upshear-left above 4-km height in the environment and (ii) boundary layer air
that ascends in the inner core brst and then descends, performing rollercoaster-like trajectories. At the end of the
tropical phase of ET, the developing warm conveyor belt comprises air masses from several different source
regions, and only partly from the cyclone®s developing warm sector, as expected for extratropical cyclones.

1. Introduction Tropical cyclones (TCs) are less often described
from a trajectory perspective. The reason may partly be
that mature TCs can be approximated, to lowest order,
as axisymmetric, steady-state systems. Streamlines in a
radiusbheight cross section may therefore be used as an
approximation of the airstreams that depict the TCOs
secondary circulation (e.g.,Riehl 1954; Emanuel 1986
and streamlines in a comoving, horizontal cross section
outside of the eyewall as the airstreams that depict the
primary circulation (e.g., Willoughby et al. 1984; Riemer
and Montgomery 2011). In addition, trajectory analysis
of TCs requires resolution of convective-scale motion,
which requires high temporal and spatial resolution of
the data underlying the trajectory calculation (i.e., large
‘ 3 Denotes content that is immediately available upon publica-  datasets for trajectory calculations from model data).
tion as open access. Often, however, the assumptions of axisymmetry and/or
stationarity are not sufbciently well justibed, in partic-
Corresponding author. Christian Euler, eulerc@uni-mainz.de ular when TCs are embedded in environmental Row that

The structure of midlatitude cyclones is often de-
scribed based on the notion of coherent airstreams
(e.g., Carlson 199). These airstreams are usually re-
ferred to as conveyor belts. An increased understand-
ing of cyclone dynamics is gained by better understanding
the structure of and the physical processes along these
airstreams (e.g., Wernli and Davies 1997 Papritz and
Schemm 2013Joos and Forbes 2016Crezee et al. 2017.
Coherent airstreams are best described from a Lagrang-
ian perspective (i.e., by analysis of a comprehensive set of
trajectories).
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exhibits notable vertical wind shear. As one example,
one demonstrated weakening mechanism of TCs in
vertical shear, the Rushing of the TCOs inRow layer with
cold and dry air from above, may be fully understood
only when considering the three-dimensional motion
of air masses near the TC center Riemer et al. 2010
2013 Riemer and Montgomery 2011). Few studies so
far have undertaken comprehensive trajectory analysis
to examine different aspects of TCs in vertical shear
(e.g.,Cram et al. 2007 Stern and Zhang 2013 Riemer
and Laliberté 2015.

The evolution of airstreams during the transition of
a TC into an extratropical cyclone (i.e., during extra-
tropical transition (ET); Jones et al. 2003Evans et al.
2017) has not yet been investigated by comprehensive
trajectory analysis. The most salient characteristics of
ET include an increase of vertical shear, the interaction
with a baroclinic zone, and the translation of the TC
into a thermodynamic environment that gradually be-
comes less favorable for tropical development, namely
adrier and cooler environment, including decreasing sea
surface temperature. The transition from a tropical to
an extratropical cyclone is a highly asymmetric pro-
cess with rapidly changing dynamics. The involved air-
streams during ET can therefore be expected to be
nontrivial variants of the airstreams of mature TCs and
of the conveyor belts of extratropical cyclones. In addi-
tion, the change in cyclone structure during ET ex-
hibits substantial case-to-case variability (e.g.Pavis et al.
2008. A conceptual synoptic to meso-a-scale model of
ET in the northwest Pacibc (Klein et al. 2000) includes
hypothesized airstreams, which, however, consider the
mesoscale environment of the TC only. Our goal here is
to extend this conceptual model toward smaller scales by
an extensive trajectory analysis of airstreams that pass
through the inner core and are associated with latent heat
release there.

The motivation to focus on inner-core latent heat re-
lease is twofold. First, the intrusion of environmental air
with lower moist entropy into the inner-core convection,
so-called ventilation, is one important mechanism that
affects TC intensity in vertical shear (e.g., Tang and
Emanuel 2010. Different pathways of ventilation have
been demonstrated in the literature (e.g., Simpson and
Riehl 1958; Frank and Ritchie 2001; Riemer et al. 201G,
Gu et al. 2015 and it is not yet clear which pathway
operates under which combination of environmental
and TC conditions. In addition, the relative importance
of intrusion into versus detrainment from the inner-core
convection for the midlevel ventilation paradigm is still
unclear (Riemer and Laliberté 2015. Related to its
impact on intensity, latent heat release near the cyclone
center has been demonstrated to increase the resiliency
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of the TC-vortex during ET ( Davis et al. 200§. Thereby,
convection within the cyclone may play an important
role in the overall evolution of the cyclone.

Our second motivation is that the representation of
convection in numerical weather prediction models is
associated with signibcant uncertainty. Convection
within the TC undergoing tr ansition has been hypoth-
esized to be one source of the observed large forecast
uncertainty associated with intensity and structure
evolution during ET (Jones et al. 2003. A detailed
trajectory analysis of inner-core convection may be
helpful to gain more insight into this convective-scale
uncertainty and its relation to the thermodynamic
properties of the involved air masses, and to study how
convective-scale uncertainty eventually affects the
cyclone structure. Furthermore, upper-tropospheric
divergent outlRow associated with latent heat release
below plays, in general, an important role in how
convective-scale uncertainty grows upscale to eventually
increase synoptic-scale forecast uncertainty Baumgart
et al. 2019. This is particularly important during ET, as
uncertainty in the evolution of the ET cyclone projects
onto the larger-scale midlatitude Row [see review by
Keller et al. (2019)]. Besides the outl3ow from TC con-
vection, upper-tropospheric outBow from the devel-
oping warm conveyor belt during ET is essential in
modifying the midlatitude Bow (e.g., Torn 2010, Grams
et al. 2013. Our trajectory analysis will therefore con-
sider also the development of the developing warm
conveyor belt, which occurs outside of the cycloneOs
inner core.

To our knowledge, trajectory analysis focusing on la-
tent heat release during ET on a convection-permitting
scale has not been performed before. Few studies have
comprehensively investigated changes in the inner-core
structure during ET using trajectories [e.g., Evans and
Hart (2008) with a focus on the evolution of the wind
Peld, or Lentink et al. (2018) on the role of orography
in modifying the thermodynamic properties of the TC
environment]. With respect to the developing warm
conveyor belt, the transition from upright convection
during the tropical phase of ET to more slantwise ascent
during the extratropical stage has been illustrated in a
case study Grams et al. 2013. That study, however,
used a grid spacing of 0.2Band a convective parame-
terization as compared to our convection-permitting
simulation with a grid spacing of 0.028 Here, we will
explore the inner-core and developing warm conveyor
belt airstreams in a case-study framework also: the ET
of Tropical Storm Karl (2016) in the North Atlantic.

The ET of Karl occurred during the North Atlantic
Waveguide and Downstream Impact Experiment
(NAWDEX; SchaRer etal. 201§ and has been identibed
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as one of the O0triggersOO for midlatitude impact durin@uxes are parameterized by a turbulent kinetic energy-

this period (Schaer et al. 2018. In the extratropical
phase of ET, Karl merged with a weak, preexisting
cyclone and formed an unusually strong jet streak
downstream, which initiated further development
that resulted in a high-impact precipitation event in
Norway. Intense observation periods and additional
ground observations were dedicated to KarlOs extra-
tropical phase and the associated downstream im-
pact during the NAWDEX campaign. An ensemble
sensitivity analysis revealed that the high-impact pre-
cipitation event in Norway showed sensitivity to the
evolution of Karl during ET ( Kumpf et al. 2019).

After introducing our methods ( section 2 and pro-
viding an overview of the evolution of Tropical Storm
Karl ( section 3, we will brst consider inner-core trajec-
tories in thermodynamic space pection 4 following the
approach of Riemer and Lalibert é (2015)]. This approach
provides a brst insight into the intensibcation of (simu-
lated) Karl after recurvature and how the increasingly
cool and dry environment impacted inner-core convec-
tion. A detailed analysis of the spatial structure of the
involved airstreams is presented insection 5 com-
plemented by an analysis of the developing warm con-
veyor belt. The salient Lagrangian features of KarlOs
transition are summarized in section 6 The usual caveat

based surface transfer schemérmulated in conservative
thermodynamic variables. While the parameterization
of deep convection is turned off, a shallow convection
scheme afterTiedtke (1989) is used. Microphysical pro-
cesses are described by an extended cloud ice scheme
(graupel scheme;Doms et al. 2011 based on the warm-
rain scheme byKessler (1969) The model enables the
use of a rotated spherical coordinate system, where the
model poles can be positioned such that the model
equator runs through the center of the domain. The
convergence of the meridians is thus minimized and the
grid spacing on the chosen domain is near-constant. A
detailed description of the COSMO model is given by
Doms and Schattler (2002).

The rotated coordinate system, with the model
equator being shifted to 358 north, is used with a
horizontal grid spacing of 0.028(; 2.8km). There are
49 levels between 0 and 21 km, with an enhanced vertical
resolution in the boundary layer with 17 levels below
2km. The simulated domain covers a large part of the
North Atlantic with a size of 1200 3 1280 grid points.
At initial time, Karl is located in the southwest of the
domain, with the center about 450km away from the
domain boundary. During the simulation, Karl moves
northeast and farther away from the boundary. As

for a single case study applies and further case studies are boundary conditions, as well as initial conditions, we use

needed to draw a more general picture of the evolving
inner-core airstreams during ET.

2. Methods

a. Convection-permitting COSMO simulation
of TC Karl

We have performed a convection-permitting simu-
lation of tropical storm Karl (2016) over a period of
66 h between 0000 UTC 23 September and 1800 UTC
25 September with the Consortium for Small-Scale
Modeling (COSMO; Steppeler et al. 2003 model, ver-
sion 5.04. COSMO is a nonhydrostatic limited-area at-
mospheric prediction model. The model is based on
nonhydrostatic hydro-thermodynamical equations for
fully compressible Bow and it has been designed for both
operational numerical weather prediction and scientibc
applications. Convection-permitting simulations with
the COSMO model have been successfully used be-
fore to investigate structure changes of a TC during
ET (Lentink et al. 2018).

For our numerical simulation, COSMO is used in
default settings: the heating rate due to radiation is
calculated by the parameterization scheme ofRitter and
Geleyn (1992). Surface heat, moisture and momentum

archived operational analysis data from the European
Centre for Medium-Range Weather Forecasts.

A comparison of the model track and intensity with
the best track analysis by the National Hurricane Center
(NHC; Pasch and Zelinsky 201§ shows that shortly af-
ter recurvature, between 1200 UTC 24 September and
0000 UTC 25 September, Karl in the COSMO simu-
lation exhibits a faster translation speed, resulting in
a track error of approximately 200km at 0000 UTC
25 September Fig. 1a). Subsequently, the COSMO
track leads the NHC track but besides this, the overall
track representation is good. The intensity evolution
in the COSMO simulation compares well with the
best track analysis until the tracks start to diverge
(Fig. 1b). From this time, Karl in the COSMO model
intensibes faster and more strongly and reaches hur-
ricane intensity shortly after 0000 UTC 24 September.
While there are some notable differences, we consider
the overall evolution in our simulation to be sufbciently
realistic to serve as the basis of our process-oriented
study.

b. Trajectory calculation and transformation in
thermodynamic space

Trajectories are calculated from the model output
utilizing a fourth-order RungebKutta scheme with a
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FIG. 1. Comparison of the simulated Karl case (COSMO, shown in blue) with the best track analysis from the
NHC database (shown in black) every 6 h between 1800 UTC 23 Sep and 1800 UTC 25 Sep. (a) The track com-
parison between the NHC and COSMO. In the upper left corner, the coastlines of Newfoundland and Nova Scotia
are visible. (b) The comparison of the mean sea level pressure (dotted line) and the intensity (solid line) between

the NHC and COSMO.

time step of 2s and linear interpolation in space and
time for four representative stages. The model data are
available every 5min. A comparison with the much

simpler Euler-method leads to very similar results and

it can therefore be assumed that the solutions of the
trajectory calculation have converged. The results from

the trajectory calculation are stored every 5min, at the

same times as the underlying model data. We did not
Pnd a sensitivity of the results to the numerical scheme
used for the calculation and therefore conclude that the

calculated trajectories are of sufpcient accuracy for the
purpose of this study.

The trajectories are seeded in a cylinder with 2.8ra-
dius around the storm center. The center is debPned by
the centroid of the OkubobWeiss parameter Okubo
1970 Weiss 199} at 950 hPa. The horizontal spacing of
the seeding locations is identical to the model grid
(0.02% ' 2.8km). In the vertical, we seed on pressure
levels with a spacing ofDp 5 20 hPa, starting from half
that distance (10hPa) above the sea surface until a
height of 150 hPa. An air parcel represented by one of
our trajectories has a mass of approximately 1.63
10°kg. A total number of approximately 1.3 3 1P tra-
jectories are calculated per time step of interest. The
trajectories are calculated 6 h forward and backward in
time. The trajectories thus represent a 12 h time period
around the time step of interest. Hereafter, the end
positions of the 6 h backward calculation will be referred

12[ (z1 f)(f,1 2yir), (1)
where z is the relative vorticity, fq is the Coriolis pa-
rameter, y is the tangential wind component, andr is the
distance from the storm center. Here, the inertial sta-
bility threshold is adapted to the stormOs intensity and
varies between!?5 23 10’s? 2 for the brst two stages
and1?5 43 10’s? 2for the last two stages. Furthermore,
thresholds of relative humidity greater than 90% and a
vertical velocity greater than w. 0.5m¢ * are applied
to select those air parcels near saturation and with a
strong ascent. Only those trajectories that satisfy the
debned thresholds at seeding time are considered. The
so chosen air parcels are used to characterize the latent
heat release in the deep convection.

Further following Riemer and Laliberté (2015), we
transform the computed trajectories from the three-
dimensional (x, y, z) space to a two-dimensional entropy-
temperature space. Here, the moist entropysis expressed
in terms of the equivalent potential temperature us s5
CpInue, Where ¢, is the specibc heat capacity of dry air at
constant pressure. For tropospheric values, the entropy is
approximately a linear function of u,. For simplicity we use
Ue, calculated after Bolton (1980), as our metric for entropy.
The transformation is performed following Kjellsson et al.
(2014), in more detail discussed byLalibert é et al. (2015)
The transformation maps the material tendencies into
discrete bins of the thermodynamic space:

to as the OQinitial positionsOO of the air parcels and the end

positions of the 6 h forward calculation will be referred
to as the O0end positionsOO of the air parcels.

We aim to distinguish between trajectories that con-
tribute to latent heat release in the inner core and those
outside. To select trajectories, we follow Riemer and
Lalibert é (2015). An inertial stability ( 1%) threshold is
debned,

b Tb
Fr(L.T"5

1 N t D b b
- = (U, T)(t, n)d[u (t,n)2 U 1d[T (t,n)2 T"].
t 51510t

)

In Eq. (2) the superscriptb denotes the respective bin
value with abin size of Dx5 1K forboth T andu,, D/Dt

8QDXWKHQWLFDWHG _

'RZQORDGHG



















































