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ABSTRACT: Major airstreams in tropical cyclones (TCs) are rarely described from a Lagrangian perspective. Such a
perspective, however, is required to account for asymmetries and time dependence of the TC circulation. We present a
procedure that identibes main airstreams in TCs based on trajectory clustering. The procedure takes into account the TCOs
large degree of inherent symmetry and is suitable for a very large number of trajectories P (10°)]. A large number of
trajectories may be needed to resolve both the TCOs inner-core convection as well as the larger-scale environment. We
debne similarity of trajectories based on their shape in a storm-relative reference frame, rather than on proximity in physical
space, and use Féchet distance, which emphasizes differences in trajectory shape, as a similarity metric. To make feasible
the use of this elaborate metric, data compression is introduced that approximates the shape of trajectories in an optimal
sense. To make clustering of large numbers of trajectories computationally feasible, we reduce dimensionality in distance
space by so-called landmark multidimensional scaling. Finally,k-means clustering is performed in this low-dimensional
space. We investigate the extratropical transition of Tropical Storm Karl (2016) to demonstrate the applicability of our
clustering procedure. All identiPed clusters prove to be physically meaningful and describe distinct Bavors of inf3ow, ascent,
outBow, and quasi-horizontal motion in KarlOs vicinity. Importantly, the clusters exhibit gradual temporal evolution, which

is most notable because the clustering procedure itself does not impose temporal consistency on the clusters. Finally, TC

problems are discussed for which the application of the clustering procedures seems to be most fruitful.
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1. Introduction

The notion of coherent airstreams plays a long-standing and
fundamental role in our understanding of cyclone dynamics
(e.g., Hamilton and Archbold 1945; Riehl 1954; Eliassen and
Kleinschmidt 1957). In midlatitude cyclones coherent air-
streams are referred to as conveyor belts (e.g.Browning 1971,
Carlson 198Q. These airstreams are distinctly asymmetric with

systems. For a steady state, streamlines and trajectories are
equivalent.

A two-dimensional streamline framework, however, is a
poor approximation when transient and/or asymmetric mo-
tions become important (e.g., in TCs that undergo substantial
structure change or TCs embedded in an environmental 3ow
with considerable vertical shear). So far, relatively few com-

respect to the cycloneOs center and have been studied exten-prehensive trajectory analyses of TCs have been performed

sively based on trajectory calculations (e.g.Wernli and Davies
1997 and subsequent developments). In tropical cyclones
(TCs) the major airstreams are usually separated into the pri-
mary and the secondary circulation and are traditionally de-
picted as streamlines in horizontal and radiusbheight cross
sections, respectively (e.g.,Riehl 1954). Such a streamline
framework may be employed because mature TCs can be
considered, to lowest order, as axisymmetric, steady-state
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(e.g., Cram et al. 2007 Stern and Zhang 2013 Riemer and
Lalibert € 2015. Trajectory analysis of TCs needs to resolve
convection in the inner core and thus requires high temporal
and spatial resolution of the underlying data when model
output is used to calculate trajectories. This requirement for
large datasets may partly impede the application of trajectory
analysis to TCs. A further and conceptually more severe im-
pediment is the need for a concise interpretation of the wealth
of information contained in the computed trajectories.
Regarding the thermodynamic interaction with the environ-
ment, Riemer and Lalibert é (2015)proposed transformation of
three-dimensional (3D) trajectories into a two-dimensional
thermodynamic (moist entropybtemperature) space as a suc-
cinct depiction of a TCOs secondary circulation. A succinct
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description of the evolving main airstreams during TC struc-
ture change has, to our knowledge, not been proposed yet.

In midlatitude cyclones the conceptual model of conveyor belts
is heavily used to organize and diagnose information from tra-
jectory calculations (e.g., Wernli and Davies 1997, Papritz and
Schemm 2013 Joos and Forbes 201p For example, a rather
simple set of variables and appropriate thresholds can be used to
identify warm conveyor belts as ensembles of trajectories that
behave very similarly and that densely populate a compact region
in 3D physical space (sometimes referred to as coherent bundles
of trajectories; Wernli and Davies 1997). Clustering techniques
have been employed more recently in an attempt to identify
conveyor-belt trajectories more objectively (e.g.,Hart et al. 2015).

If trajectory bundles are coherent in 3D physical space, the bundle
may be represented simply by its average 3D trajectory or by
suitable thresholds of some trajectory-density metric.

In tropical cyclones the large degree of symmetry of the
system impedes a debnition of coherent airstreams based on
similarity in physical space. To illustrate this point, consider an
axisymmetric TC, in which some air parcels spiral toward the
center in the frictional inBow layer, ascend in the eyewall, and
swirl out to larger radii in the outBow layer in the upper tro-
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(ET) of Karl (2016), one of the major cases during the North
Atlantic Waveguide and Downstream Impact Experiment
(NAWDEX; SchaRer et al. 2018. During ET, TCs lose their
tropical characteristics and start to transition into midlatitude
cyclones Jones et al. 2003 Evans et al. 2017. An ET case
therefore appears to be a well-suited testbed to demonstrate
the applicability of our clustering approach. In addition, our
clustering results can be compared with results of a previous
study that has investigated the ET of Karl focusing on air-
streams associated with latent heat release near the inner core
(Euler et al. 2019). In the current study, however, we will
consider the more general Lagrangian evolution of air masses,
including quasi-horizontal environmental Bow. Specibcally, we
will consider all trajectories within a 2.58radius of KarlOs cen-
ter. This radius is expected to capture the bulk of the air masses
above the frictional inRow layer that interact with a TCOs inner-
core convection within 12 h, which is a typical time scale for TC
intensity change due to environmental interaction [as observed
in idealized experiments with moderate to strong vertical
shear; e.g. Frank and Ritchie (2001); Riemer et al. (2010)].
Section 2 provides an overview of KarlOs ET, describes the
model simulation that provides the data underlying this study,

posphere. These air parcels constitute the classical secondary and gives information on the calculation of trajectories. Our

circulation of the TC and thus a physically meaningful class of
trajectories. In 3D physical space, however, individual trajec-

tories of this secondary circulation may differ substantially

because they may start and end at very different azimuth. In
addition, the average 3D trajectory of this class collapses to a
line at the TCOs center for exact axisymmetry.

The goal of this study is to develop an objective classibPcation of
major airstreams in the vicinity of TCs based on cluster analysis.
The particular problems to be addressed are (i) to appropriately
represent both the convective-scale motion in the TCOs inner core
and the larger-scale, more quasi-horizontal environmental mo-
tions and (i) to take into account the large degree of symmetry
that characterizes a TC. The brst problem requires a dense dis-
tribution and a high temporal resolution of trajectories in the in-
ner core. To address this problem, downsampling strategies to
reduce the density of trajectories outside of the inner core, and
thus to reduce the total number of trajectories, could be devel-
oped and applied. We here take a different approach and use
uniform sampling, which yields order of 10° trajectories per con-
sidered time period. We will present methods (i) to compress the
large amount of trajectory data while preserving the main char-
acteristics of the shape of trajectories and (i) to reduce the di-
mensionality of the clustering problem and thus make feasible
cluster analysis for a very large amount of trajectories. The second
problem, accounting for the large degree of symmetry, will be
addressed by a suitable transformation of trajectories before
clustering. The basic idea here is to compute similarity of trajec-
tories based on their shape but not on their absolute position in 3D
physical space. Addressing these two problems will be the main
method developments presented in this study.

The applicability of our approach will be demonstrated for the
case of a TC that undergoes substantial structure change and
that is strongly affected by vertical shear (i.e., a case in which
transient and asymmetric motion can be expected to be of cru-
cial importance). This case will be the extratropical transition

method to account for the large degree of symmetry and the
very large number of trajectories are detailed in section 3 The
results of the cluster analysis are presented irsection 4where it
is demonstrated that all clusters are distinct and represent
physically meaningful classes of trajectories. A brief analysis of
thermodynamic characteristics along these main airstreams
(section 5 provides insight into aspects of KarlOs intensibcation
and may illustrate avenues for future analyses based on auto-
matically identiped airstreams. Section 6 Pnally provides a
summary, conclusions, and an outlook on potential future work.

2. The ET of Karl: Convection-permitting simulation and
trajectory computation

a. Synoptic overview of Karl's evolution

Karl originally developed from a tropical wave off the coast
of West Africa, was declared a tropical depressiort near the
Cape Verde Islands on 14 September 2016, and further inten-
sibed to tropical-storm strength on 15 September. Tropical
Storm Karl moved mainly westward for several days until be-
ginning to interact with an upper-level low on 21 September.
During this interaction Karl weakened to a tropical depression
and started to move to the northwest. When the upper-level
low moved away toward the south, Karl started to move
northward and to reintensify to tropical-storm intensity. After
recurvature on 23 September, vertical shear increased and Karl
accelerated toward the northeast. Karl reached its peak in-
tensity [60kt (1kt ' 0.51m$ %)] just before the TC became
embedded in a midlatitude frontal zone and was declared ex-
tratropical on 25 September. A more detailed overview of
Tropical Storm Karl is provided by Pasch and Zelinsky (2016)

1 By the National Hurricane Center of the U.S. National Oceanic
and Atmospheric Administration.
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FIG. 1. Synoptic overview of KarlOs evolution depictingl, at 3 km (colors) and wind speed at 10 km height (gray
shading) using COSMO data at (a) 2100 UTC 24 Sep (debned as IS stage) and (b) 1200 UTC 25 Sep (debned as XT
stage). The ofbcial NHC track between 1800 UTC 23 Sep and 1800 UTC 25 Sep is shown in black, with dots every
6 h. The respective track in the COSMO simulation is shown in red. The white squares highlight the center times of
the four stages that are investigated in detail in this study. (c) KarlOs intensity evolution (black: NHC, red: COSMO
simulation, dashed: pressure, solid: wind speed).

This study considers KarlOs substantial structure changes that Small-scale Modeling (COSMO; Steppeler et al. 2003 model,

occurred on 24 and 25 September (i.e., the intensibcation of

Tropical Storm Karl toward peak intensity in an environment
with increasing vertical wind shear until Karl lost its tropical
characteristics and was declared extratropical). An illustration
of KarlOs track and intensity evolution between 1800 UTC
23 September and 1800 UTC 25 September is provided in
Fig. 1, along with the distribution of equivalent potential
temperature (Ue) in the low to midtroposphere and KarlOs lo-

cation relative to the midlatitude jet.

During the extratropical stage of ET ( Klein et al. 2000) Karl
moved rapidly to the northeast and merged with a preexisting
weak cyclone. This merger resulted in an unusually strong
midlatitude jet streak. Karl has thus been identibed as one of
the OOtriggersOO for midlatitude impact during the NAWDEX scheme (including graupel). The parameterization schemes are
campaign (Schéler et al. 2018. This impact manifested itself
in a severe precipitation event in Northern Europe. Using

ensemble sensitivity analysis, it has been demonstrated that

this high-impact event exhibited sensitivity to KarlOs evolution

during ET ( Kumpf et al. 2019).

b. Convection-permitting COSMO simulation

The data underlying this study is the same as irEuler et al.
(2019). A convection-permitting simulation of Tropical Storm
Karl (2016) has been performed using the Consortium for

version 5.04. COSMO is a nonhydrostatic limited-area model
for fully compressible Bow, which has been designed for both
operational numerical weather prediction and scientibc appli-
cations. Besides inEuler et al. (2019), convection-permitting
COSMO simulations have been successfully used before to
investigate structure changes of a TC during ET (entink
et al. 2018.

The horizontal grid spacing of the simulation is 0.028
(; 2.8km) with 49 levels between 0 and 21 km height. COSMO
default settings have been used for the parameterization
schemes: inter alia a turbulent kinetic energy-based turbulence
scheme, a shallow-convection scheme with mass-Bux closure
after Tiedtke (1989), and a single-moment ice microphysics

described inDoms et al. (2011)and more details on the setup of
the simulation are given in Euler et al. (2019). Our simulation
domain spans from 238 to 548\ and from 408 to 708N\.
Boundary and initial conditions have been taken from archived
operational analysis from the European Centre for Medium-
Range Weather Forecasts. The simulation employs rotated
spherical coordinates ©oms and Schéttler 2002), with the
model equator running approximately through the center of
the domain at 358\. This rotation of the coordinate system
minimizes the convergence of the meridians such that the grid
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