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ABSTRACT

The tropopause represents the transition region between the first two layers of
the atmosphere, i.e., the troposphere and the stratosphere. It can be regarded as
a quasi-permeable transport barrier that allows exchange and mixing of air only
for certain processes. Such non-conservative processes cause material changes
in the potential vorticity, a fluid-dynamic conservation property for air parcels
that are generally approximated as closed thermodynamic systems. Thus, the
transition from characteristic tropospheric to stratospheric potential vorticity
and vice vera is equatable with transport of air through the tropopause. The
significance of dynamic instability and turbulence as a non-conservative mixing
process varies depending on the underlaying synoptic situation. In this context,
the role of the tropopause inversion layer is not finally understood. This layer
is defined based on a local maximum in static stability, a quantity which to a
large degree determines the vertical distribution of potential vorticity in the
tropopause region. On one hand, much of what is known about the tropopause
inversion layer and its relation to the dynamic stability of the flow is based on
numerical model studies where the results depend significantly on the degree
of idealization as well as on the representation of the physical processes that
induce dynamic instability. On the other hand, there is a lack of high reso-
lution in situ measurements specifically dedicated to the investigation of the
relation between troposphere-stratosphere exchange and the tropopause inver-
sion layer, and thus, also the validation of the numerical models. The present
work adresses this issue with the central aim to investigate mixing processes at
the tropopause, particularly in relation to the tropopause inversion layer. For
this a set of analyses on different spatial and temporal scales is performed. The
analyses range from individual case studies based on measurements from the
airborne research campaign WISE that took place during 2017 over the North
Atlantic, to model-based process studies of baroclinic life cycles, up to clima-
tological scales based on ten years of northern hemispheric reanalysis data.

The analyses across all scales reveal that turbulent mixing occurs particu-
larly in regions which are characterised by a pronounced tropopause inversion
layer. The underlaying dynamic instability is forced by a layer of strong ver-
tical wind shear which is located closely above the tropopause. On synoptic
scales the wind shear layer and the tropopause inversion layer emerge simulta-
neously in ridges of baroclinic waves. Furthermore, each layer exhibits a distinct
mesoscale variability which is linked to differences in the mechanisms that in-
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fluence the evolution of each layer. The wind shear layer as a tropopause-based
phenomenon occurs on global and climatological scales. For latitudes that are
not dominated by baroclinic wave dynamics, several regions have been iden-
tified that favor the occurrence of strong wind shear near to the tropopause:
Over the Asian continent and associated with the subtropical jet stream, over
the Indian Ocean and associated with the Asian summer monsoon circulation,
and over the maritime continent and associated with the El Nino Southern
Oscillation ocean—atmosphere coupling.

The occurrence of the tropopause wind shear layer is associated with low
Richardson numbers in the lower stratosphere, and thus, an increased potential
for dynamic instability. In the midlatitudes these preconditions for turbulent
mixing occur in regions of high tropopause altitudes like ridges of baroclinic
waves, i.e., a region that has gained comparatively little attention in the con-
text of research on stratosphere-troposphere exchange. The vertically confined
occurrence of the tropopause wind shear layer within the first 1-2 kilometers
above the local tropopause indicates a relation to the extratropical transition
layer. The extratropical transition layer is defined based on distinct trace gas
gradients which are shaped by mixing processes, and its occurrence is limited
to the same vertically confined region. Furthermore, the analysis highlights
the significance of the mesoscale variability of both static stability and wind
shear, despite the global scale and climatological character of the tropopause
inversion layer and the wind shear layer.

In summary, the analysis narrows down the significance of shear-induced
turbulent mixing in the lower stratosphere. The preconditions for local small-
scale turbulent mixing in the tropopause region are frequently met from the
tropics up to high latitudes, which is associated with the dominant tropospheric
large scale dynamics within each meridional region. This in turn affects the
chemical composition of the tropopause region which can have a significant
impact on the global radiative budget.
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ZUSAMMENFASSUNG

Die Tropopause bildet die Grenzregion zwischen den beiden untersten Atmo-
sphéarenschichten, der Troposphédre und der Stratosphéare. Sie kann als quasi-
permeable Transportbarriere betrachtet werden, durch die durch das Auftreten
gewisser Prozesse Austausch stattfinden kann. Entsprechende nicht-konserva-
tive Prozesse bewirken materielle Anderungen der potenziellen Vortizitit, einer
fluid-dynamischen Erhaltungsgrofie fiir Luftpakete die als abgeschlossene Sys-
teme betrachtet werden koénnen. Die Anderung der potenziellen Vortizitit von
charakteristisch troposphérisch zu stratospharischen Werten und vice versa ist
daher gleichzusetzen mit Transport durch die Tropopause. Die Signifikanz von
dynamischer Instabilitat und Turbulenz als nicht-konservativer Mischungspro-
zess variiert dabei abhéngig von der synoptischen Situation. Die Funktion
der Tropopauseninversionsschicht ist in diesem Kontext nicht abschliefend er-
forscht. Die Tropopauseninversionsschicht ist {iber ein lokales Maximum der
statischen Stabilitat definiert, welches in die Berechnung der potenziellen Vor-
tizitat einfliet und somit deren vertikale Verteilung in der Tropopausenregion
dominiert. Bisherige Erkenntnisse beziiglich dem Zusammenhang zwischen der
Tropopauseninversionsschicht und der dynamischen Stabilitdt basieren zum
einen auf numerischen Modellstudien deren Ergebnisse mafigeblich vom Idea-
lisierungsgrad abhangen, sowie der Reprasentation der physikalischen Prozesse
welche dynamische Instabilitdt bedingen. Zum anderen mangelt es an hochauf-
gelosten Messungen die dezidiert auf den Zusammenhang zwischen Strato-
sphéren-Troposphédren Austausch und der Tropopauseninversionsschicht abzie-
len und somit auch auf die Validierung der Modellprognosen. Die vorliegende
Arbeit setzt an diesem Punkt an mit dem Ziel Mischungsprozesse von Luft-
massen an der Tropopause und insbesondere die Rolle der Tropopauseninver-
sionsschicht zu untersuchen. Dafiir werden Analysen auf verschiedenen Raum-
und Zeitskalen durchgefiihrt. Dies umfasst Fallstudien wahrend der 2017 iiber
dem Nordatlantik durchgefiihrten flugzeuggetragenen Messkampagne WISE,
Modelldaten-basierte Prozessstudien barokliner Lebenszyklen, sowie eine kli-
matologische Betrachtung tiber zehn Jahre auf der Nordhemisphére.

Die Analysen iiber alle Skalen zeigen dass turbulentes Mischen von tro-
posphérischer und stratosphérischer Luft in den mittleren Breiten insbesondere
in Regionen auftritt welche durch eine stark ausgeprégte Tropopauseninver-
sionsschicht charakterisiert sind. Die dem Mischungsprozess zugrunde liegende
dynamische Instabilitdt wird forciert durch eine Schicht stark ausgeprigter



Windscherung unmittelbar iiber der Tropopause. Auf synoptischer Skala entste-
hen die Windscherungsschicht und die Tropopauseninversionsschicht systema-
tisch zeitgleich in Riicken barokliner Wellen. Beide Schichten weisen eine aus-
gepragte individuelle mesoskalige Variabilitéat auf, was auf Unterschiede in den
einflussnehmenden Prozessen zurtickgefithrt werden kann und letztendlich er-
heblichen Einfluss auf die dynamische Stabilitdt der unteren Stratosphére hat.
Die Windscherungsschicht als ein Tropopausen-basiertes Phdnomen tritt auf
globaler und klimatologischer Skala auf. Fiir geographische Breiten welche nicht
von barokliner Wellendynamik dominiert sind, wurden bevorzugte Regionen
fir das Auftreten von ausgepragter Windscherung in der Tropopausenregion
identifiziert: Uber dem asiatischen Kontinent und in Zusammenhang mit dem
subtropischen Jetstream, iiber dem Indischen Ozean und im Zusammenhang
mit der grofiskaligen Zirkulation des asiatischen Sommermonsuns, sowie iiber
dem Maritimen Kontinent und im Zusammenhang mit der Phase der El Nino
Southern Oscillation.

Das Auftreten der Windscherungsschicht geht einher mit niedrigen Richard-
son Zahlen in der unteren Stratosphédre und somit einem erhohten Poten-
zial fir das Auftreten von dynamischer Instabilitdt. In den mittleren Brei-
ten treten diese Voraussetzungen fiir turbulentes Mischen in Regionen mit
hohen Tropopausen wie in Riicken von baroklinen Wellen auf, und somit in
einer Region die bisher nicht im Fokus der Erforschung von Stratospharen-
Troposphéaren Austausch stand. Das lokale Auftreten der Windscherungsschicht
und des damit asoziierten Mischungsprozesses im Bereich von 1-2 Kilome-
tern tiber der Tropopause weist auf eine Verbindung zur extratropischen Mi-
schungsschicht hin. Diese wird durch Spurengasgradienten definiert welche von
Mischungsprozessen gepragt sind und im selben Hohenbereich auftreten. Des
Weiteren hebt die Analyse die Relevanz der mesoskaligen Variabilitdt von
Tropopausen-basierten Maxima der statischen Stabilitdit und Windscherung
hervor, trotz des globalen und klimatolgischen Charakters der Tropopausenin-
versionsschicht und der Windscherungsschicht.

Zusammenfassend wurde die Relevanz von scherungsinduziertem turbulenten
Mischen in der unteren Stratosphére naher eingegrenzt. Die Voraussetzungen
fiir lokales kleinskaliges turbulentes Mischen in der Tropopausenregion sind
von den Tropen bis zu hohen Breiten auf globaler und klimatologischer Skala
gegeben, und stehen im Zusammenhang mit der dominierenden grofiskaligen
troposphérischen Dynamik in den jeweiligen Breitengraden. Dies wiederum
hat Auswirkungen auf die lokale Zusammensetzung der Luftmassen in der
Tropopausenregion, mit potenziell nicht zu vernachlassigendem Einfluss auf
das globale Strahlungsbudget.
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INTRODUCTION

1.1 CURRENT UNDERSTANDING OF THE TROPOPAUSE REGION

The upper troposphere lower stratosphere (UTLS) region is the transition zone
between the well mixed troposphere and the stably stratified stratosphere.
It is roughly defined as the vertical region from 5 to 20 km altitude and
spans from the tropics to each pole with, however, distinct differences between
the tropics (Fueglistaler et al., 2009) and the extratropics (Gettelman et al.,
2011). A central part of the UTLS is the so called tropopause, which can
be regarded as a partly permeable transport barrier between the troposphere
and the stratosphere (Hoinka, 1997). The tropopause can be regarded as a
quasi two-dimensional layer where gradients of fluid-dynamical, thermodynam-
ical and chemical variables are largest. Occasionally, transport occurs through
the tropopause which is termed as cross-tropopause transport or stratosphere-
troposphere exchange (STE). In the extratropics this transport is bidirectional
(Holton, 1995; Stohl et al., 2003). STE is the consequence of the interplay of
dynamical and thermodynamical processes at the tropopause and has conse-
quences not only on the local trace species abundance but also on the global
distribution of these species with potential effects on air quality (Zanis et al.,
2003, e.g., ) and climate (Forster and Shine, 1997; Nowack et al., 2018; Banerjee
et al., 2019). The dynamics leading to STE occur on a variety of scales and to
fully understand the underlying processes it is required to study planetary to
mesoscale dynamic features. Allthough the importance of STE is known since
the 1960s’ (e.g., Danielsen, 1968) with substantial effort undertaken in the fol-
lowing decades, many processes at the smaller scales are still only understood
partially. This issue can be overcome trough synergistic approaches using high
resolution observations at the tropopause in combination with fine resolution
model data. Such an approach is undertaken in this thesis to study the occur-
rence of STE in the extratropics, particularly within baroclinic waves and due
to associated sub-synoptic dynamical processes.

1.1.1  The tropopause and cross-tropopause transport

The tropopause is the central feature of the UTLS and can be regarded as
a two dimensional layer, with different definitions based on gradients of fluid-
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Figure 1.1: Schematic of the northern hemispheric UTLS and its key features,
adopted from Gettelman et al. (2011). Seven year temporal and zonal average (2002—
2008), a) Winter (DJF), and b) summer (JJA) season. Color contour shows vertical
temperature gradient (0T /0z, in steps of 0.5 K km™!). The solid black line indicates
the location of the LRT, and the dashed black lines the dynamic tropopause based
on the PV threshold values 2 pvu and 6 pvu. Dotted black lines show isentropes, and
solid thin black lines zonal mean zonal wind (u, in steps of 10 m s~!). Data basis for
the thermal structure are GPS radio occultation (RO) measurements, PV and wind
are derived from ECMWEF ERA Interim reanalysis fields

dynamical properties in the region where it occurs. The World Meteorological
Organization (WMO, 1957) defines the lapse rate tropopause (LRT) through
a threshold of the lapse rate I', which is defined as I' = —‘?)—Z, i.e., the negative
gradient of the air temperature T with altitude z. The LRT is defined as the
first level above the surface where T falls below 2.0 K km™! with the condi-
tion that its mean value remains below this threshold between this level and
all higher levels within 2 kilometer above. Another approach is the definition
of the dynamic tropopause, which is based on the potential vorticity and its
conservation properties. The dynamic tropopause can be defined through the
maximum of the isentropic gradient of the potential vorticity (PV, Kunz et al.
(2011)), or more commonly through a threshold value within the region of en-
hanced PV gradients (Hoskins et al., 1985). Following the definition of Ertel
(1942) the PV can be written as

Q= ~7-V0, (1)

S

where p is the density of the medium, 7 = V x i 4+ 2Q the vector of the
absolute vorticity 77 which is composed of the rotation of the three dimensional
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wind field ¥ and the vector of the angular velocity of the earth Q. The term
VO is the gradient of the potential temperature

Ry

®:T<p°>0p, (2)

p

with the temperature 7', the pressure p and a reference pressure pg = 1000
hPa, the specific gas constant for dry air By = 287.06 J kg~! K~! and the
specific heat capacity ¢, = 1004.5 J kg~! K~!. The natural unit for the PV is
the "potential vorticity unit’ (pvu), where 1 pvu equals 1076 m? s~ K kg=!.

The definition of the LRT is motivated by the fact that the troposphere
on average exhibits a vertical temperature gradient above the threshold I' =
2.0 K km™!, which allows the occurrence of convection and vertical stirring.
The stratosphere is characterised by increasing temperatures with altitude,
which inhibits vertical motion, and the sudden change in the lapse rate profile
at the tropopause acts as a barrier between the two atmospheric layers. The dy-
namic tropopause on the other hand presents a more general transport barrier,
which is due to the conservation properties of the PV. The material derivative
of the PV is given by (Hoskins et al., 1985)

;Q:;(ﬁ%{?Jrﬁxﬁﬁ@), (3)
where the vector F denotes non-conservative forces, i.e., frictional, diffusive
and turbulent processes. Thus, the PV of an air parcel is materially conserved
in the absence of non-conservative forces and diabatic heating D®/ Dt, i.e.,
for adiabatic frictionless flow. The tropopause region is characterised by pro-
nounced PV gradients which separate the troposphere with characteristic low
PV from the stratosphere with characteristic high PV. Adiabatic and friction-
less motion is a good first order approximation for atmospheric flow outside the
boundary layer, therefore the dynamic tropopause is regarded as an efficient
transport and mixing barrier.

PV is conserved to a large degree in the tropopause region, however, ob-
servational evidence exists that STE must occur to explain the trace species
structure in the UTLS. Cross tropopause transport pathways can generally be
classified into two groups. First, ’adiabatic’ or ’quasi-isentropic’ eddy-driven ex-
change through transport along isentropes that cross the tropopause and sub-
sequent diffusive dissolution of the gradients, e.g. across the so-called middle-
world which is defined based on isentropic surfaces that intersect with the
tropopause (Fig. 1.1). The second group comprises 'diabatic’ or ’cross-isentropic’
mixing, where the exchange occurs locally at the tropopause through diabatic
and non-conservative PV modification which results in a reassignment of tropo-
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spheric air to stratospheric air and vice versa. The relevance of these processes
varies with the underlying synoptic situation.

Tubulence is a central non-conservative process that can effectively mod-
ify the PV of an air parcel in the tropopause region and thus, result in STE.
The turbulent breakdown of flow results in an effective diffusive transport of
momentum, heat and chemical constituents across background gradients. The
diffusion of momentum modifies the vorticity of an air parcel, and the diffusion
of heat equivalently the stratification, which can result in a material change
of the PV of an air parcel. Recently, Spreitzer et al. (2019) provided evidence
of the significance of non-conservative processes for PV modifications at the
tropopause in a baroclinic life cycle case study, using the integrated forecast
system (IFS) from the European Centre for Medium-Range Weather Forecast
(ECMWF). Based on temperature and wind tendencies from physical param-
eterizations for large scale and convective clouds, radiation as well as vertical
turbulence the authors showed that all of these processes contribute to PV
modifications at the tropopause, with varying significance depending on the re-
gion within the baroclinic wave and its evolution stage. In particular, vertical
and lateral shear-induced turbulent diffusion was identified as the dominating
process for the erosion of a PV streamer downstream of the ridge, which agrees
with observational studies (Danielsen, 1968; Shapiro, 1976, 1980). Furthermore,
they identified turbulent diffusion associated with enhanced wind shear above
the anticyclonic shear side of the jet streak as a significant contributor to STE,
resulting in an effective lifting of the tropopause at above average tropopause
altitudes in the ridge of the baroclinic wave. The regions of enhanced wind
shear above the jet streak are susceptible to the generation of shear induced
turbulence which has been observed e.g. by Whiteway et al. (2004) and Duck
and Whiteway (2005). Numerical model-based research studies indicate that
the occurrence of turbulence in this region is generally associated with the
generation of gravity waves on different scales and their interaction with the
background wind shear profile (Trier et al., 2020).

STE through diabatic heating can be achieved by radiative energy transfer
which has been observed by (Zierl and Wirth, 1997), or the release of latent
heat during cloud formation (Gray, 2006). Furthermore, convective injection of
tropospheric air into the stratosphere can lead to STE (Homeyer et al., 2014).

STE is best analysed using Lagrangian methods (Wirth and Egger, 1999).
A comprehensive STE climatology has been compiled by Skerlak et al. (2014)
based on extensive trajectory calculations and ERA-Interim reanalysis data.
This study manifests previous findings that STE occurs in several hotspot
regions, i.e., the storm track regions over the North Atlatnic and the North Pa-
cific, the Southern Ocean and the mountain chains in the subtropics. More so,
also using a Lagrangian approach, Hoor et al. (2010) identified different time
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scale regimes for trajectories that cross the tropopause, revealing a vertical
confined tropopause-following mixing layer, which is characterised by compar-
atively fast diabatic STE and subsequent dispersion within the layer.

1.1.2  The extratropical transition layer

The UTLS is a region where several trace species such as ozone (Og), nitrous
oxide (N2O) or carbon monoxide (CO) show large vertical gradients (Fig. 1.2).
This is the result of the regionally and seasonally varying strength of chemi-
cal source regions, chemical processing, photochemical production and removal,
and transport and mixing, which results in characteristic lifetimes, and thus,
characteristic vertical profiles for individual trace gasses. The transition from
tropospheric to stratospheric trace gas mixing ratios at the tropopause contains
information about the efficiency of the tropopause as a transport and mixing
barrier and about the occurrence of STE. A common method of analysing high
resolution trace gas mixing ratio measurements is to correlate the time series
of a trace species with main sources in the troposphere and sinks mainly in
the stratosphere (e.g., NoO or CO) with a characteristic stratospheric trace
species, i.e. with main sources in the stratosphere and sinks in the troposphere
(e.g., O3) (Fischer et al., 2000). In the absence of mixing between the two con-
stituents, such tracer-tracer correlations form a characteristic L-shape, which
connects the tropospheric slope with the stratospheric slope at the tropopause.
The effect of STE and mixing manifests itself in the form of 'mixing lines’ in
the tracer-tracer correlation, which connect tropospheric and stratospheric air
through branches that deviate from the L-shape at different starting points and
slopes. The analyses of airborne mixing ratio measurements of trace gas species
like ozone (O3), carbon monoxide (CO), water vapour (H20O) and nitrous oxide
(N20) at midlatitudes revealed a quasi-ubiquitous, tropopause-following tran-
sition zone, which is characterised by mixing lines in the tracer-tracer space,
and which defines a three-dimensional extratropical transition layer (ExTL,
Hoor et al., 2002; Hoor et al., 2004; Pan et al., 2004; Hegglin et al., 2009).
The ExTL is an inherent feature of the lowermost stratosphere (LMS,

Holton, 1995), a subregion of the extratropical lower stratosphere which ex-
tends from the tropopause up to the isentropic surface that corresponds with
the tropical tropopause, i.e. @ = 380 K (Fig. 1.1). However, the ExTL exhibits
a sharp upper edge, which separates it from the remainder of the LMS. The
analysis of CO profiles in a tropopause-relative vertical coordinate system re-
vealed a distinct ’kink’ above the tropopause (Hoor et al., 2002), indicating a
discontinuity in the transport and mixing efficiency of tropospheric CO into
the lower stratosphere. Hoor et al. (2004) found the ExTL to cover the region
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around the dynamic tropopause and to be limited to altitudes up to about 30
K above the local dynamic tropopause. In geometric space this translates to a
distance of about 2-3 km from the local LRT (Pan et al., 2004). The ExTL as a
global scale feature was analysed by Hegglin et al. (2009), who used CO-O3 and
H20-03 tracer-tracer correlations derived from Atmospheric Chemistry Exper-
iment Fourier Transform Spectrometer (ACE-FTS) satellite data. The ExTL
features derived from the two different tracer sets showed a general agreement
outside of the tropics, with an increasing ExTL depth towards higher latitudes,
and a weak seasonality characterised by a higher upper edge of the transition
layer during summer and autumn in agreement with the findings from Hoor
et al. (2004).

The chemical definition of the ExTL through tracer-tracer correlations is
not unambiguous as it depends on the set of tracer species used and their
conservation properties in the tropopause region. Hegglin et al. (2009) discuss
differences between the analyses based on CO-O3 and HO-Og tracer-tracer
correlations due to the temperature dependency of the water vapour mixing
ratio, as well as the limited chemical lifetime of CO particularly at the tropi-
cal tropopause. A generalisation of the location and extent of the chemically
defined ExTL should therefore be considered with care, as the results from the
multi-model and multi-measurement comparison study by Hegglin et al. (2010)
show.

Berthet et al. (2007) show the existence of a vertically confined tropopause-
following mixing layer in a tracer-independent approach, based on a maxi-
mum of the relative distribution of Lagrangian trajectories that crossed the
tropopause within a certain time. This process-based approach was further ex-
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panded by Hoor et al. (2010), who linked the upper edge of the ExTL to a
sharp change of the transport time scale regime, based on Lagrangian trajecto-
ries that entered the the stratosphere within less than 50 days, which is short
compared to the transport timescales into the LMS above the ExTL.

A variety of known diabatic STE processes contribute to the formation and
maintenance of the EXTL, i.e. shear induced turbulence within PV streamers
(Skerlak et al., 2015) below the jet stream (Danielsen, 1968; Shapiro, 1980) as
well as above the wind maximum (Whiteway et al., 2004; Duck and Whiteway,
2005), PV modification due to radiation (Zierl and Wirth, 1997) and due to
latent heat release during cloud formation (Gray, 2006), as well as convective
injection (Homeyer et al., 2014). Numerical models are able to reproduce cen-
tral features of the ExTL (Konopka and Pan, 2012), i.e. a deep transition layer
on the cyclonic shear side of the jet within baroclinic waves (e.g., Schéfler et al.,
2021), as well as a comparatively sharp chemical transition on the anticyclonic
shear side (Pan et al., 2007). Spreitzer et al. (2019) show that the significance of
the diabatic processes varies strongly depending on the region within the baro-
clinic wave as well as its temporal evolution stage. They furthermore confirm
the significance of turbulence concerning the overall STE budget.

Turbulence occurs as a result of dynamic instability, which can occur when
vertical shear of the horizontal wind overcomes the stabilising effect of a stably
stratified flow. The following subsection first gives an overview of the stratifi-
cation in the tropopause region, its variability, and the processes responsible.
Afterwards, Section 1.1.4 will revert to the concept of dynamic instability, and
discuss the occurrence of enhanced wind shear and the resulting potential for
turbulence in the tropopause region.

1.1.3  The tropopause inversion layer

The thermal definition of the tropopause builds upon an inversion of the ver-
tical temperature gradient. This inversion is a global climatological feature
(Birner, 2006), which however varies strongly in its strength and occurrence on
a large spectrum of spatial and temporal scales (Pilch Kedzierski et al., 2015;
Gettelman and Wang, 2015). The climatological maximum in the vertical tem-
perature gradient 07T /0z above the LRT as well as its seasonality are indicated
in Fig. 1.1. The tropopause inversion layer (TIL, Birner et al., 2002) is com-
monly defined on the basis of the resulting localised maximum in the vertical
profile of the static stability (Fig. 1.2)

N? =L . — (4)
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with ¢ being the gravitational acceleration. The static stability N? is also ref-
ered to as the Brunt-Viisaléd frequency, which defines the oscillation frequency
of a vertically displaced air parcel in a stable background stratification. The TIL
represents a maximum in static stability and as such strongly damps vertical
motion. However, the interrelation between the TIL and the ExTL as inherent
features within the LMS is complex (Hegglin et al., 2009; Schmidt et al., 2010;
Kunkel et al., 2016) and an ongoing topic of research. The complexity arises
from the broad spectrum of processes that are involved in the formation and
maintenance of both the TIL and the ExTL on different temporal and spatial
scales, as well as due to the bidirectional influence. The following paragraphs
present an overview of the processes that are known to affect the evolution of
the TIL, ordered from large to small scales.

The downwelling motion of the stratospheric residual circulation as part of
the Brewer-Dobson circulation during winter results in a temporally lagged
large scale positive forcing on the lower stratospheric static stability (Birner,
2010; Wargan and Coy, 2016). The opposing vertical gradients of water vapour
and ozone that maximise at the tropopause (also referred to as the hydropause
and ozonopause) sharpen the vertical temperature profile around the tropopause
on a large scale due to a resulting dipole radiative forcing (Randel et al., 2007),
where seasonal, meridional and local variations in the mixing ratios result in a
varying sharpening effect at the tropopause (Hegglin et al., 2009). Kunz et al.
(2009) identified particularly the water vapor gradients to contribute signifi-
cantly to the maintenance of the TIL. These processes substantially influence
the large scale seasonality of the TIL. At polar latitudes for example, the TIL is
significantly more pronounced during summer compared to the winter months
(Birner, 2006; Randel et al., 2007), which agrees with the enhanced radiative
forcing and enhanced tropospheric water vapour mixing ratios, and the result-
ing tropopause sharpening mechanism.

Baroclinic waves at midlatitudes influence the TIL on a synoptic scale, in
accordance with the horizontal extent of these eddies, as well as on time scales of
several days in accordance with their life time. Wirth (2004) identify a dynamic
sharpening mechanism of the lower stratospheric temperature profile, based on
the dominating term in the material change rate of the static stability N? for
large horizontal scales and vertical scales below the associated scale height of

the atmosphere:
DN? ow
= -—N2——. 5
Dt 0z ()

Thus, the vertical divergence of the vertical wind in upper tropospheric cy-

clones respectively the vertical convergence in anticyclones results in a synoptic
scale dipole forcing of TIL strength enhancement in ridges and TIL strength
weaking in troughs, which agrees with the results from idealised dry numeric
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simulations (Wirth, 2003; Wirth and Szabo, 2007). The breaking of baroclinic
waves furthermore results in a persistent TIL evident in the zonal mean (Erler
and Wirth, 2011).

The sub-synoptic scale appearance of the TIL is further modulated by pro-
cesses on the mesoscale. Wirth and Szabo (2007) showed that these variations
are already evident in simulations of dry barolinic wave experiments. Kunkel et
al. (2014) discuss how inertia gravity waves emitted in jet exit regions in ridges
of baroclinic waves have a transient effect on the TIL strength distribution, and
how they also can persistently alter the thermal structure in the tropopause
region if wave capture or turbulent breakdown occurs (Biihler and Mclntyre,
2005; Plougonven and Snyder, 2005). Observational evidence for the interac-
tion between the TIL and inertia gravity waves has been provided by Zhang
et al. (2015, 2019), using spectral decomposition of radiosonde measurement
perturbations from a background state. They find the TIL to inhibit upward
propagation of tropospheric gravity waves, and at the same time as possibly be-
ing a source for stratospherically generated upward propagating gravity waves.
Diabatic processes have a significant influence on the TIL evolution during
baroclinic life cycles (Kunkel et al., 2016). Regions of enhanced static stabil-
ity in the lowermost stratosphere emerge above strong tropospheric updrafts,
such as convection or warm conveyor belts, due to vertical divergence of the
vertical wind and the resulting convergence of the isentropes in the LMS. Fur-
thermore, the associated occurrence of clouds in the regions of the updrafts
have a radiative impact on the TIL. The water vapour transport and cloud
formation associated with the updrafts which reach up to the LRT cause ra-
diative cooling below the LRT, resulting in a stronger temperature inversion
at the tropopause.

The occurrence of turbulence in the tropopause region results in a diffusive
heat and momentum flux which works towards an erosion of the shear forces
that cause the turbulence, as well as towards an adiabatic thermal stratification.
Kunkel et al. (2016) identify an overall reduced TIL strength and variability in
idealised baroclinic life cycle simulations with an active turbulence parametri-
sation.

The superposition of these various processes which are additionally often
interrelated leads to the spatially and temporally variable occurrence of the
TIL. Especially in the extratropics a substantial sub-synoptic scale variability is
evident in the regions of baroclinic waves as a result of the complex interaction
between dynamic and thermodynamic processes as outlined above.
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1.1.4  Turbulence in the tropopause region in the context of the planetary cir-
culation

Turbulence was introduced as a non-conservative process that can significantly
contribute to the overall STE budget, due to the fact that it can materially
alter the PV of an air parcel. The tropopause is defined based on a sudden in-
crease in static stability, and thus, turbulence in this region is generally associ-
ated with dynamic instability within stably stratified shear flow. The following
paragraphs first recapitulate the concept of dynamic instability as the central
mechanism responsible for the occurrence of turbulence in the tropopause re-
gion. Following this, an overview of flow conditions that favour the evolution of
dynamic instability is presented, from the planetary circulation down to small
scale wave perturbations that eventually result in turbulence and STE.

1.1.4.1  Dynamic instability and turbulence

According to linear wave theory, the dynamic stability of the flow can be eval-
uated on the basis of the non-dimensional Richardson number

. N?
Ri= 527 (6)
which is defined as the ratio between static stability N2 and vertical shear of
the horizontal wind S2. The vertical shear of the horizontal wind is defined as

()3

i.e., the squared vertical gradient of the horizontal wind components v and v.
Throughout this work, vertical shear of the horizontal wind will be referred to
as vertical wind shear. The Richardson number describes the ratio between the
suppression of turbulent kinetic energy due to buoyancy and the production
of turbulent kinetic energy due to shear forces. Dynamic instability in stably
stratified flow can occur when the shear forces prevail, resulting in Richardson
numbers below a critical threshold of Ri. = 1/4 (Miles, 1961). A descriptive
example is the Kelvin-Helmholtz instability (KHI), where the shear induced
shift of a vertically displaced air parcel, e.g., due to a wave perturbation, re-
sults in a local convective instability in an otherwise stably stratified low with
potential wave overturning and turbulent breakdown. The resulting effect on a
background scalar field is commonly assumed to approximately follow the gra-
dient diffusion hypothesis, which states that the turbulent flux off the scalar
¢ is proportional to the mean scalar gradient, and thus, satisfies the diffusion
equation

82

0
o _ K5 (8)
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with the eddy diffusivity K. (in m2s~!). Thus, turbulence caused by shear-
induced dynamic instability acts as a diffusive transport of heat and momentum
that effectively erodes the underlaying momentum and temperature gradients.
From this consideration it is clear how turbulence can modify the PV and result
in STE.

1.1.4.2  The occurrence of wind shear in the UTLS region; planetary to syn-
optic scale

The tropopause marks the transition from the on average weakly stably strati-
fied troposphere with a mean static stability of the order of N2 = 1-107% 572,
to the strongly stably stratified stratosphere which is characterised by mean
static stability values of the order of N2 = 4.107* s72. The TIL is further-
more defined based on a local maximum in static stability N2 about an order
of magnitude larger than the tropospheric values. Therefore, the Richardson
number criterion has two implications for the flow in the tropopause region, or
rather two different viewpoints on the same issue. First, exceptional vertical
wind shear is necessary for dynamic instability to emerge in the tropopause
region. Second, exceptional vertical wind shear can be sustained by the stably
stratified flow before the onset of turbulent erosion of the momentum gradients.
The following paragraphs describe how this issue is reflected in the atmospheric
circulation, with a focus on the UTLS region.

On the largest scales, the occurrence of wind shear is governed by the jet
streams. These atmospheric bands of enhanced flow velocity exhibit a synoptic
to planetary scale extent in flow direction of up to several thousands of kilo-
meters, with lateral shear zones of hundreds of kilometers and vertical shear
zones spanning over several kilometers. The differential solar heating between
the equator and the poles due to the earths surface curvature results in a
meridional temperature gradient, and the associated pressure gradient force
drives equalising currents, the jet streams. Scale analysis of the physical forces
involved shows that the jet stream particularly at midlatitudes can be approx-
imated as a geostrophic wind, i.e. driven primarily by a balance between the
Coriolis force and the pressure gradient force. The geostrophic wind 7, can be

written as 1

f

with the Coriolis parameter f, the horizontal gradient operator ﬁp on an iso-

Ty = —k x V,® (9)

baric surface, the geopotential ®, and the orthogonal vertical unit vector k£ on
the isentropic surface. Furthermore, the pressure gradient force changes with
altitude, due to the baroclinicity of the atmosphere, which results in a vertical
shear of the geostrophic wind that is described by the thermal wind equation.

11
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It is derived from the vertical derivative of the geostrophic wind with respect
to the atmospheric pressure, under the assumption of hydrostatic equilibrium.

o7, Ry~
_ N T 1
oln(p) L 10

The meridional temperature gradient between the equator and the poles is

not uniform, but rather exhibits local maxima that are largely forced by large
scale dynamics as well as differential heating. At midlatitudes, these maxima
of baroclinicity are associated with baroclinic waves, the evolution of cyclones
and anticyclones, and the emergence of localised jet streaks that are referred
to as the eddy-driven or polar-front jet (PFJ). The PFJ wind speed maximum
is located at around 250-300 hPa altitude, and the upper tropospheric front
is associated with exceptional horizontal temperature gradients, which in turn
causes enhanced vertical wind shear according to the thermal wind equation.
Endlich and McLean (1965) describe a general agreement between the observed
wind shear and the thermal wind shear derived from simultaneous temperature
measurements, particularly for the region of the upper tropospheric front above
the level of maximum wind speed. However, it should be considered that the
thermal wind equation does not factor in inertial forces which can lead to a
significant underestimation or overestimation of the wind shear compared to
the actual wind field, depending on the curvature of the flow (Newton and
Persson, 1962).

The subtropical jet (STJ) is located at lower latitudes compared to the PFJ,
as well as at higher altitudes around 200 hPa. It is regarded as an inherent
part of the Hadley circulation, where it is forced by the upper tropospheric
equalising currents of the planetary circulation cell and the Coriolis force, the
temperature gradient at the subtropical tropopause break, and by the con-
servation of angular momentum during the poleward migration of air masses
(Holton, 1995). The STJ and the PFJ exhibit a pronounced seasonality (Koch
et al., 2006), with maximum jet occurrence frequencies during winter (DJF)
and minimum occurrence frequencies during summer (JJA) when the merid-
ional temperature gradient is least pronounced. This is indicated in Fig. 1.1.
The STJ and the polar jet appear as a single wind maximum in the long year
zonal average, which is largely due to the variability in the occurrence fre-
quency, latitude, and strength of the polar jet, as well as due to the fact that
the two jets are not always clearly distinguishable.

The equatorial region is characterised by large scale convective upwelling and
equalising upper tropospheric easterlies and westerlies, forming the Walker cir-
culation cells. These circulation cells are influenced by large scale oscillations
like the El Nino Southern Oscillation (ENSO) ocean—atmosphere coupling on
yearly timescales, or the Madden Julian oscillation (MJO) on weekly to monthly
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timescales (Webster, 2020). During the summer months from June to Septem-
ber, the tropical easterly jet (TEJ) emerges as an inherent part of the East
Asian summer monsoon circulation (EASM). It is defined through upper tro-
pospheric easterlies up to maximum wind speeds around 40 ms~! located at
altitudes of about 150 hPa and centred above the Indian Ocean (Krishnamurti
and Bhalme, 1976).

1.1.4.3 The occurrence of wind shear in the UTLS region; sub-synoptic scale

The large scale background wind shear provided by the planetary circulation
and the jet streams is further modulated by smaller scale processes. Liu (2017)
performed a spectral decomposition of wind shear features in numerical data
from the NCAR Whole Atmosphere Community Climate Model (WACCM),
and confirmed the importance of processes on a large spectrum of scales. On
the mesoscale, flow deformation, convergence and differential temperature ad-
vection can result in the formation of frontal zones and enhanced wind shear
according to the thermal wind equation (Ellrod and Knapp, 1992).

Gravity waves play an important role in the generation of dynamic insta-
bilities. The jet exit region of tropospheric jet streaks is a common source for
gravity waves as they are spontaneously emitted where the flow deviates from
geostrophic balance (e.g., O’Sullivan and Dunkerton, 1995; Ziilicke and Peters,
2006; Plougonven and Zhang, 2014). Fronts, shear zones and convection are
features of baroclinic development, and they are another common source for
gravity waves. The intrinsic frequency spectrum of the emitted waves reaches
from the order of the inertial limit (inertia gravity waves, IGW) up to small
high frequency waves (Zilicke and Peters, 2006). These waves can interact
with the background flow in several ways (e.g., Trier et al., 2020). Wave per-
turbations in regions where Ri < Ri. can result in the generation of KHI and
turbulence. Furthermore, turbulence can be initiated due to wave breaking at
critical levels, i.e., regions where the background wind speed approaches the
horizontal phase velocity of a propagating gravity wave (e.g., Dornbrack et al.,
1995). In the aviation sector this issue has gained substantial attention in the
context of clear air turbulence (CAT), which is defined as turbulence that is
not associated with clouds or thunderstorms. The underlaying mechanism is
shear-induced dynamic instability, and throughout the history of research on
it, CAT has been identified to be largely a gravity wave phenomenon (Reiter,
1964; Sharman et al., 2012).

In the tropopause region above the jet stream wind maximum, gravity waves
can deform the flow that is already characterised by enhanced wind shear.
Kunkel et al. (2014) performed idealised numeric simulations of dry baroclinic
life cycles and showed how mesoscale gravity waves with an intrinsic frequency

13



14

INTRODUCTION

close to the inertial limit significantly enhance the wind shear in the tropopause
region within the ridge of the baroclinic wave. Gravity waves can furthermore
interact with the tropopause region, as according to linear wave theory the leap
in static stability presents a maximum of the refractive index, which can result
in wave refraction and a characteristic shift in the frequency spectrum, as well
as partial or total wave reflection. Recently, Bense (2019) found the transmis-
sion coefficient and the shift of the wave spectrum to exhibit a rather complex
dependency on the wavelength, the angle of the wave vector, the strength
and depth of the TIL, and the background wind shear profile. A case study on
orography-induced gravity waves furthermore showed how critical level filtering
in the tropopause region resulted in a pronounced local wind shear enhance-
ment caused by non-linear wave-mean-flow-interaction. The overall significance
of this mechanism however remains to be quantified.

The superposition of the background shear associated with the jet stream
and smaller scale gradient sharpening mechanisms like gravity wave perturba-
tions or local flow convergence can result in subcritical Richardson numbers,
with eventual growth of small scale perturbations due to dynamic instabilities.
Turbulent breakdown then results in a homogenisation of the turbulent layer,
effectively eroding vertical gradients in the momentum and potential tempera-
ture profile, and mixing trace gases across gradient structures like e.g. at the
tropopause. The homogenisation of the wind profile within the turbulent layer
can result in gradient sharpening in the vertically adjacent regions, which in
turn can lead to a vertical succession of momentum gradients (Reiter, 1969).
This consideration conceptually resembles the results of the direct numerical
simulations (DNS) performed by Fritts et al. (2013) and subsequent research
studies by the authors (Fritts et al., 2016, 2017). In their DNS setup, the phase
relation between a large scale vertically propagating gravity wave and a static
small scale background perturbation wave results in vertical regions of tur-
bulence and gradient erosion, with adjacent gradient sharpening. Fritts et al.
(2013) take up the phrase "sheet and layer" structure, with layers of reduced gra-
dients, and sheets of enhanced gradients which exceed the background values
by up to an order of magnitude. During the evolution, the sheets can become
dynamically unstable as well, resulting in Kelvin-Helmholtz instabilities.

The occurrence of atmospheric processes that force wind gradient sharpening
together with the fact that the flow in the tropopause region can sustain ex-
ceptional wind shear is reflected in the climatological vertical and geographic
distribution of enhanced vertical wind shear. Enhanced values of S? in the
tropopause region were described in several studies that analyse flow proper-
ties in in vertical coordinates based on the distance from the LRT. In the early
research studies on the occurrence of the TIL, Birner et al. (2002) describe a
sharp peak of S? right above the LRT, derived from tropopause-based averaged
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radiosonde measurement profiles at Munich (48.1° N, 11.6° W), Germany. The
S? maximum is most pronounced during the winter months (DJF) and min-
imises during summer (JJA), which agrees with the results from Idaho (43.6°
N, 116.2° W) from Zhang et al. (2015). Another important finding from the
study by Birner et al. (2002) is the fact that the maximum in vertical wind
shear is not well represented in the ECMWF ERA-Interim reanalysis data,
which is mainly due to to the limited vertical resolution of the model data
in the UTLS region. The analysis of a larger set of radiosonde data showed
that the occurrence of enhanced vertical wind shear in the tropopause region
exhibits a meridional dependency, being most pronounced in the tropics where
it shows a bi-annual seasonality and maximum mean values of S? during JJA
and DJF (Zhang et al., 2019). At polar latitudes, the mean vertical wind shear
at tropopause altitudes shows no strong maximum throughout the year. The
equatorial summer maximum is associated with the emergence of the TEJ dur-
ing the summer monsoon months from June to September (Vasantha et al.,
2002; Sunilkumar et al., 2015).

1.2 CENTRAL QUESTIONS AND OUTLINE OF THIS THESIS

This work investigates the tropopause inversion layer and its relation to atmo-
spheric dynamics in the tropopause region, with a focus on turbulent mixing
and possible consequences for the evolution and maintenance of the extratrop-
ical transition layer. Figure 1.3 shows a schematic of the relevant processes
in midlatitudes, particularly in ridges of baroclinic waves, recapitulating the
central information from Section 1.1.

The trace gas gradients at the tropopause define the ExTL. The interrelation
between the TIL and the ExTL is in many regards bidirectional, and the cause-
effect relationship is not finally understood. Several studies suggest a causal
relationship between STE and the occurrence of the TIL (Kunz et al., 2009;
Gettelman and Wang, 2015; Kunkel et al., 2016) based on observations and
on numerical model studies. Small scale diabatic processes that influence the
TIL can involve STE (Kunkel et al., 2016), and the modification of trace gas
profiles and the resulting change in radiative forcing in turn can influence the
TIL (Randel et al., 2007). Furthermore, the relation between the TIL and
gravity waves is bidirectional, where the N? maximum modifies the frequency
and amplitude of the waves (Bense, 2019), and the wave perturbations give rise
to modifications in the temperature- and dynamic structure in the tropopause
region (Kunkel et al., 2014). Eventual wave breaking and turbulent breakdown
again involves mixing of air masses as well as the modification of temperature
and momentum profiles (Zhang et al., 2015, 2019).
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Figure 1.3: Schematic of the tropopause region in baroclinic waves, to illustrate
the key processes and the central issue of this work. The TIL is indicated in orange,
above the tropopause (thick silver line). The tropospheric ridge is dominated by the
jet streak, large scale uplifting, and high reaching clouds. Gravity waves (emitted,
reflected, refracted) are indicated as wavy arrows. Turbulence is indicated by circular
arrows. An exemplary vertical profile of a tropospheric trace gas mixing ratio is shown
at the right edge. Dashed (dotted) red arrows show long (short) wave outgoing
(incoming) radiation. The dependency of the material change rate of N2 on the
vertical divergence of the vertical wind is stated in the top left corner.

Much of what is known about the TIL, its fine scale structure, and its re-
lation with the ExTL is based on theoretical considerations and idealised nu-
merical simulations. They rely on a realistic representation of e.g. non-resolved
parametrised processes like turbulent diffusion, as well as on a realistic imple-
mentation of the synergy of different processes that influence the thermody-
namic and chemical structure in the tropopause region. It is important to com-
pare in-situ measurements to the theory based perception of the TIL. During
the WISE measurement campaign, a number of research flights were specifically
dedicated to study the chemical composition and thermodynamic structure of
the tropopause region during different stages of baroclinic waves. The analysis
of these in-situ measurements in the context of STE and the TIL presents a key
part of this work. Therefore, the first analysis chapter focusses on the following
central question:

o How well does high resolution ECMWEF IFS output represent the thermal
and dynamic structure of the tropopause region in comparison to airborne
observations?
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Baroclinic waves dominate the flow in the midlatitudes, and they influence the
evolution of the TIL through a variety of processes on a large spectrum of
scales, from adiabatic synoptic scale dynamic forcing (Erler and Wirth, 2011),
down to embedded meso- and microscale processes associated e.g. with cloud
formation or turbulence (Kunkel et al., 2016). Simultaneously, baroclinic waves
are associated with jet streaks and a large scale background profile of enhanced
wind shear, particularly in the upper troposphere, which is further modulated
by smaller scale processes like e.g. gravity waves. The interrelation of these
flow features defines the dynamic stability in the tropopause region, and there-
fore the potential for STE and mixing within baroclinic waves. Contemporary
ECMWF IFS model data present a realistic representation of the atmospheric
state at high temporal and spatial resolution, with the model being able to
resolve key flow features in the tropopause region. One central goal of this
work is to use state of the art numerical weather prediction model output to
present a comprehensive analysis of the TIL evolution during baroclinic life
cycles in a non-idealised setting, and in the context of the dynamic stability at
the tropopause. The second analysis chapter discusses the following question:

e Does the TIL exhibit similar evolution stages during individual baroclinic
life cycles, how do they relate to the evolution of the wind field, and what
are consequences for the dynamic stability particularly in the tropopause
region?

Due to the dynamic stability criterion, the stably stratified stratosphere and
the TIL in particular can sustain enhanced values of wind shear compared
to the troposphere. Several research studies have shown that this is reflected
in the mean vertical profile of the vertical wind shear (Birner et al., 2002;
Birner, 2006; Sunilkumar et al., 2015; Zhang et al., 2015, 2019). This is of
interest, because on one hand the occurrence of enhanced wind shear can be
an indicator for the processes that force enhanced momentum gradients like the
thermal wind forcing or gravity wave perturbations of the flow. Furthermore,
regions of frequent occurrence of enhanced wind shear in the tropopause region
are susceptible to the generation of dynamic instability with the potential for
turbulent mixing and STE. To the authors knowledge a comprehensive analysis
of enhanced vertical wind shear in the context of the planetary circulation
and on climatological time scales does not yet exist. A subset of ten years of
northern hemispheric data from the ERA5 reanalysis is used to approach this
matter. The third analysis chapter focusses on the following central issue:

o How does the occurrence of strong vertical wind shear relate to the plane-
tary circulation; what are the forcing mechanisms for the wind shear; and
what are possible consequences for cross tropopause transport?

17



18

INTRODUCTION

The thesis is organised as follows. Chapter 2 introduces the model data used
and the underlying numerical model specifications. It furthermore presents an
overview of the scientific objectives of the WISE campaign, how they were
approached, and what measurement data were collected. Then, a set of analy-
ses on different spatial and temporal scales is presented, from individual case
studies to climatological considerations. In Chapter 3, measurements from two
research flights which were conducted during the 2017 airborne WISE cam-
paign are analysed, with the focus on mixing and STE within the ridge of
baroclinic waves and in context of the TIL evolution. In Chapter 4, a compos-
ite analysis of breaking baroclinic waves over the North Atlantic is presented,
based on a cyclone tracking algorithm and using a five year data set of op-
erational ECMWEF IFS analysis fields. The approach is closely linked to the
results from Chapter 3 and therefore focusses on the TIL evolution as well as
the occurrence of strong wind shear and the resulting dynamic flow stability
in the tropopause region. Chapter 5 expands the results from Chapter 4, with
a 10 year northern hemispheric climatology for the occurrence of strong wind
shear in the lower atmosphere, based on the ECMWEF ERAS5 reanalysis data
set. Chapter 6 comprises a summary of the key results of this work as well as
an outlook on future research questions that arise from these results.



DATA AND METHODS

2.1 THE ECMWF INTEGRATED FORECAST SYSTEM

The numerical weather prediction model data used in this study is from the In-
tegrated Forecast System (IFS) from the European Centre for Medium-Range
Weather Forecasts (ECMWF). Currently, the IFS is one of the most advanced
state of the art numerical model representations of the atmosphere. It features
a hydrostatic dynamical core with a semi-implicit and semi-Lagrangian numer-
ical scheme, treating terms which are associated with fast processes like gravity
waves with an implicit numerical scheme because of advantageous numerical
stability properties. The IFS features a spectral transformation between spec-
tral space, where the equations of motion are solved, and grid-point space,
where the advection is calculated as well as the effect of the parametrisation of
the physical processes. In the vertical dimension the model features a discreti-
sation on hybrid pressure-sigma levels (ECMWEF, 2016a). Several parametrisa-
tions for non-resolved physical processes are implemented (Fig. 2.1), including
schemes for radiation, microphysical processes in large scale clouds, convection,
subgrid turbulent exchange of heat, momentum and moisture, and orographic
and non-orographic gravity wave drag (ECMWF, 2016D).

The following section gives an overview of the IFS versions used in this work
and significant advancements that have been implemented in nupdated ver-
sions of the IFS that went operational over the course of the research that
is presented in this thesis. It furthermore includes a brief description of the
physical parametrisation schemes of the IF'S model.

2.1.1 [IFS versions, key features and physical parametrisation schemes

The output from several IF'S versions is incorporated in this work. The choice of
data used for each analysis was made based on requisition (spatial and temporal
resolution for certain tasks), necessity (efficiency), and availability at the time
of the analysis'. The IFS versions used in this work include cycle Cy3612 to
Cy40rl (operational analysis fields, Chapter 4), Cy43r3 (short time forecast
fields, Chapter 3), and the the ERAB reanalysis (Chapter 5) which is based on

The ERA-5 reanalysis data set was only starting to become available during the later stages
of this work.
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Ocean model

Figure 2.1: Schematic diagram of the physical processes implemented in the
ECMWEF IFS model. Figure adapted from ECMWF (2016b).

Cy41r2 (Table 1). The vertical resolution was increased from L91 to L137 with
the implementation of IFS Cy38r2 in June 2013, enhancing the vertical hybrid
sigma level count between the surface pressure and 1 Pa from 91 to 137. In
the UTLS as the region of primary interest of this study, this translates to a
similar vertical grid spacing for both vertical resolutions of about 300-400 m,
depending on the elevation of the tropopause. A refined octahedral horizontal
grid was implemented with Cy41r2 in March 2016, effectively increasing the
horizontal grid spacing of the analysis and the high resolution forecast from
16 to 9 km. The ERA5 reanalysis is based on a spectral truncation of T,639,
which corresponds to a horizontal grid spacing of about 31 km (Hersbach et al.,
2020).

In the following paragraphs, the paramtrisation schemes of the IFS are in-
troduced.

2.1.1.1  Turbulence

The turbulence parametrisation scheme in the IFS is implemented in form
of tendency equations for the change rate of the prognostic variables associ-
ated with the horizontal momentum (u,v), heat (7'), and moisture (g, q;, ¢; for
gaseous, liquid and frozen water). The tendency equations represent the tur-
bulent diffusion due to non-resolved vertical turbulent mixing, and they are a
function of the vertical gradient 0¢/0z, as well as an exchange coefficient K
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Spectral trunca-

Version | Id. - . Vertical 1vl. At
tion / grid used
9
gzggil AN Tp,1279 / 0.25° | 91 (surf.-1 Pa) 6 hrs.
Cy38r2—
AN | Tp12 25 |1 f-1P hrs.
Cy40r1 L1279 / 0.25 37 (sur a) | 6 hrs

Cy41r2 | ERA5| T1639 / 0.25° 137 (surf.-1 Pa) | 24 hrs.
Cy43r3 | FC 01280 / 0.125° | 137 (surf.-1 Pa) | 1 hr.

Table 1: Central features of IF'S versions used in this work.

(in m? s_l). The variable ¢ represents the quantities affected by the paramtri-
sation scheme (u,v,T,q). The choice of the turbulence closure that is applied
depends on the height above the surface as well as on the local stratification. In
the surface layer, i.e. the layer between the surface and the first hybrid sigma-
pressure level, a first order K-diffusion approach based on Monin-Obukhov sim-
ilarity theory is applied. In unstable boundary layers, the turbulence closure
is extended to an Eddy-Diffusivity Mass Flux scheme, treating both local K-
diffusion as well as non-local eddy mass transport through the boundary layer
(Kohler et al., 2011). In the free atmosphere, the scheme distinguishes between
unstable layers characterised by negative Brunt-Vaiisili-frequencies N? < 0,
where the exchange coefficient K is determined according to Monin-Obukhov
similarity theory, and stably stratified layers N2 > 0, where K is calculated
based on a revised Louis scheme (Louis et al., 1982). Since this work focusses
on the occurrence of shear-induced turbulence in the tropopause region, we
will focus on the Louis scheme for stably stratified flow in the free atmosphere.
The exchange coefficient K generally depends on the vertical gradient of the
transported constituent, as well as on a mixing length [. The Louis scheme
introduces Richardson number dependent stability functions frrq ¢(Ri) as a
factor of Ky, which converge from 1 for Ri = 0 towards zero with increasing
Richardson numbers. The resulting diffusion is nonzero even for above-critical
Richardson numbers, acting towards a constant diffusive erosion of strong mo-
mentum and temperature gradients in regions of reduced Richardson numbers.

The core features of the turbulence parametrisation as described in the pre-
vious paragraph remained unchanged throughout the IFS versions that were
used in this work. Several minor changes were implemented, however, mostly
impacting the efficiency of the turbulent diffusion near the surface. Until IF'S
version Cy38r2, an altitude-dependent diffusive term with peak impact at 1
km height above the surface was implemented, to account for missing non-
resolved shear that was identified via comparison with spectrally decomposed
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wind shear measurements. The exchange coefficient in the revised Louis scheme
furthermore contained an altitude-dependent fractional contribution from the
Monin-Obukhov and the revised Louis scheme stability functions, thus allow-
ing a continuous transition between the boundary layer and the free atmo-
sphere. The IF'S version Cy41rl simplified the turbulence scheme by removing
both altitude-dependent terms, and reformulating the height dependency of
the mixing length [ (ECMWEF, 2016b).

2.1.1.2 Subgrid-scale orographic- and gravity wave drag

The model furthermore includes a parametrisation scheme for unresolved oro-
graphic and non-orographic gravity wave drag on the mean flow. The subgrid-
scale orographic drag is implemented as a turbulence induced momentum sink
in the lower troposphere due to the non-resolved orography (< 5 km) (Beljaars
et al., 2004), as well as a gravity wave drag due to absorption and reflection of
vertically propagating gravity waves and a blocked flow drag due to the imme-
diate blocking of the unresolved orography itself (Lott and Miller, 1997). The
resulting drag is implemented in the form of additional momentum tendency
terms for the horizontal wind components within the turbulence scheme.

The non-orographic gravity wave drag parametrisation scheme implements
the effect of non-resolved gravity waves commonly caused by deep convection,
frontal disturbances and shear zones. The scheme emits a globally uniform m =3
spectrum (with m being the vertical wave number) of non-resolved gravity
waves upwards from the upper troposphere, with drag being applied to the
mean flow when wave instability due to critical layers or reduced air density
and non-linear dissipation occurs (Orr et al., 2010). Ultimately, the impact is
implemented in the form of tendency terms 0¢/0t caused by the divergence of
the wave momentum flux, with ¢ representing the horizontal wind components
(u,v) and the temperature (7).

2.1.1.3 Convection

Moist convection is implemented with an advanced version of the parametrisa-
tion scheme originally proposed by Tiedke (1989), adding tendency terms to
the temporal evolution of heat, moisture, momentum, and chemical tracer dis-
tribution. The parametrisation makes use of different approaches for different
cloud types, i.e. the removal of convective available potential energy (CAPE),
the application of the large scale background vertical velocity, and the anal-
ysis of the moist static energy budget for the convective mass flux, for deep,
mid-level and shallow convection. The parametrisation furthermore includes
a simplified microphysics scheme to account for the effects of cloud and rain
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formation. The convection scheme is an important factor concerning the rep-
resentation of the key variables N2 and S? in the tropopause region as they
influence the momentum and heat budget in outflow regions of deep convection
through heat and momentum transport as well as through energy conversion.

2.1.1.4 Clouds and large-scale precipitation

The cloud and large-scale precipitation parametrisation represents processes
like condensation, deposition, evaporation, collection, melting and freezing from
and between different cloud water phases. The output of the scheme are prog-
nostic equations for for different cloud water phases (cloud liquid, ice, snow
water content and rain) as well as for a sub-grid fractional cloud cover (Tiedke,
1993; Forbes and Tompkins, 2011; Forbes and Ahlgrimm, 2014). The parametri-
sation furthermore allows the occurrence of supersaturation with respect to ice,
as well as mixed phase clouds. The effect of latent heating due to condensation
is implemented in the form of a temperature tendency term 97 /0Ot.

2.1.1.5 Radiation

The radiation scheme implements the effect of short- and long-wave radiative
fluxes independently, in the form of temperature tendency terms 07 /0t =
f(OF/0p) as a function of the net vertical divergence of the radiative flux F.
The temperature tendencies due to radiative forcing can have a significant influ-
ence on the thermal structure in the UTLS and particularly in the tropopause
region, due to pronounced vertical gradients of absorber trace gas species as
well as clouds reaching up to the tropopause. The input for the scheme is a com-
posite of the predicted temperature, humidity and clouds, as well as monthly
mean climatologies for aerosols and trace gases that exhibit a significant ra-
diative forcing. The scheme is based on the Rapid Radiation Transfer Model
(RRTM, Mlawer et al. (1997) and Iacono et al. (2008)), and cloud-radiation in-
teraction is implemented using the output from the cloud parametrisation and
a Monte Carlo Independent Column Approximation (McICA) method (Mor-
crette et al., 2008). The long-wave scheme incorporates HoO, COz2, O3z, CHy,
N2O as well as CFC11, CFC12 and aerosols as absorber, and performs the
radiative transfer calculation over 16 spectral intervals between 10-3250 cm ™.
The short-wave scheme additionally considers Oy as an absorber, and oper-
ates within 14 spectral windows between 800-50.000 cm™!. The aerosol types
are implemented following the climatology by Tegen et al. (1997), containing
maritime, continental, urban, desert aerosol, as well as tropospheric and strato-
spheric background aerosol.
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26.08.2011, 18 UTC (60°N) _ Figure 2.2: Exemplary verti-
-{a) IFS analysis : S =\ 10 cal cross section at 60° N on
26 August 2011, 18 UTC. a)

8 Zm Operational IFS analysis data.

o b) ERA Interim reanalysis

6 ;; data. Greyscale filled contour
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Longitude

2.1.1.6  Surface parametrisation and chemistry parametrisation

The IFS furthermore features a parametrisation for the surface fluxes of energy
and water, as well as for ozone and methane chemistry. These parametrisation
schemes however have no or a negligible direct effect on the thermodynamic
structure in the UTLS as the region of interest in this work.

The IFS model output provided by the ECMWF that is used in this research
will be introduced in Section 2.3, along with secondary derived quantities and
central analysis methods.

2.1.2  Representation of thermodynamic UTLS features in the IFS

The representation of the thermodynamic structure in the UTLS from the IFS
model depends on the model version and thus on the underlying vertical and
horizontal grid spacing. Figure 2.2 illustrates this behaviour. It shows two verti-
cal cross sections at the same time and location, comparing the representation
of the TIL variability and related parameters in operational IFS analysis data
with the same features in the ERA Interim data set. The ERA Interim data set
has been used until recently, to derive climatological as well as synoptic scale
features of the TIL (Gettelman and Wang, 2015), and it has been shown to
reproduce central features of the TIL on these scales. However, in the following
paragraphs it is briefly shown that ERA-Interim underestimates the occurrence
of central flow features in the UTLS on the mesoscale. Since ERA5 was only
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available in the later stage of this thesis this then also was the motivation to
use the operational analysis data for one study in this thesis.

The ERA Interim reanalysis is based on the Cy31r2 IFS version, which went
operational in September 2006 (Dee et al., 2011). The horizontal grid spacing is
approximately 80 km (T255 spectral), with Fig. 2.2a being based on a regular
0.75° latitude-longitude grid, and the model exhibits 60 levels in the vertical
from the surface up to 0.1 hPa, which corresponds to a vertical grid spacing of
about 1 km at tropopause altitudes. Figure 2.2b is based on operational IFS
analysis fields from the Cy37r2 IFS version and used in this work, interpolated
onto a regular 0.25° latitude-longitude grid. This model version exhibits a
horizontal grid spacing of about 16 km (Tr,1279), and 91 vertical level from
the surface to 0.01 hPa. The vertical grid spacing at tropopause altitudes is
much finer compared to ERA-Interim with about 300—400 m.

The comparison shows a stronger TIL in the high resolution model, as well
as a more pronounced mesoscale variability particularly from 0° E eastwards,
above the ridge that exhibits ice clouds reaching up to the elevated tropopause.
These differences are expected, due to the better resolved thermodynamic struc-
ture on the finer vertical grid, as well as due to a more realistic implementation
of the physical processes responsible for the fine scale structure in N2, like e.g.
the spectrum of resolved gravity waves. Advancements in newer versions can
furthermore influence the representation of tropopause features like the TIL.
This includes updates in the data assimilation procedure and a larger amount
of incorporated observational data, as well as updates in the physical parametri-
sation schemes. For example, the implementation of the radiation scheme as
described in Section 2.1.1 (see Morcrette et al. (2008)) presents one major up-
date between the two model versions displayed in Fig. 2.2, exhibiting more
accurate gas optical properties as well as the treatment of sub-grid cloud cover
heterogeneity. Another example is the lack of a non-orographic gravity wave
drag scheme in the Cy31r2 cycle. Generally, the advection scheme of numerical
models erodes the gradients that define the tropopause sharpness with forecast
lead time, which is counteracted by the parametrisation schemes of physical
processes that sharpen the tropopause (Saffin et al., 2017). This indicates the
importance of a realistic parametrisation of the non-resolved processes. Kunkel
et al. (2016) show that the temporal evolution of the tropopause sharpness
depends significantly on the individual process parametrisation that are in-
corporated in baroclinic life cycle simulations, as well as their interrelation.
Developments in the parameterisation schemes consequently also affect the
thermodynamic structure of the UTLS. Along with the increases in resolution
of the model this reveals that the UTLS is best studied with the current state
of the art model versions of the IF'S.
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2.2 THE 2017 WISE CAMPAIGN

One central aspect of this work is the occurrence of shear induced dynamic
instability and turbulent mixing in the UTLS. The previous section introduced
how non-resolved physical processes are implemented in the model through
parametrisation schemes. These schemes present an approximation of each
processes impact on the atmospheric flow. However, central aspects of these
processes like e.g. their spatial and temporal characteristics or their transport
efficiency through diffusive mixing are not finally understood, particularly in
the UTLS as a comparatively remote region. Therefore, it is advantageous to
use a synergistic approach and to build the analysis on numerical model output
as well as in situ measurement data from the WISE field campaign, to validate
key results and to compare observed processes with their representation in the
model data.

The airborne measurement campaign WISE (Wave driven ISentropic Ex-
change) with the HALO (High Altitude LOng range) aircraft as measurement
platform took place from September to October 2017, based in Shannon, Ire-
land, and with transfer flights from and to Oberpfaffenhofen, Germany. Several
research institutions were involved, with the Jiilich Research Centre (FZ Jilich)
and the Johannes Gutenberg-University Mainz (JGU Mainz) as lead institu-
tions. The different research groups supplied a sum of ten scientific instruments
measuring trace gas distributions and meteorological state parameters with in
situ and remote sensing techniques, contributing to the investigation of the
four main research topics:

o Transport and mixing in the region of the ExTL and the influence of the
TIL

» Role of Planetary wave breaking for water vapor transport into the ex-
tratropical lower stratosphere

o Role of halogenated substances for ozone and radiative forcing in the
UTLS region

» Occurrence and effects of sub-visual cirrus (SVC) in the LMS

The first two topics focus on the impact of both the quasi-isentropic and the
cross-isentropic cross-tropopause transport pathways on the chemical compo-
sition in the extratropical UTLS, and are thus also directly related with the
topics to be addressed in this work.

The HALO is a modified Gulfstream G550 jet with a range of about 8000
kilometers, which makes it possible to investigate synoptic scale atmospheric
features and conduct measurements in a large radius around the ground base.
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Figure 2.3: Flight paths of
all 16 flights conducted dur-
ing the WISE campaign from
70°N September—October 2017, in-
‘ cluding the transfer flights
from and to Oberpfaffenhofen.
Red dashed lines depict flight
sections within 50 hPa ver-
tical distance from the LRT,

blue lines show the remaining

60°N

50°N |

40°N
flight sections.

Furthermore, the airplane can reach flight altitudes up to about 15 kilome-
ters, i.e. @ = 360 — 420 K potential temperature, depending on season and
location, which allows the investigation of both the upper troposphere and
the lower stratosphere even above elevated tropopauses (in the extratropics).
During WISE, a sum of 16 research flights were conducted (Table 2), mostly fo-
cussing on the tropopause region within large scale atmospheric wave patterns
in the North Atlantic storm track region. Figure 2.3 shows the flight paths
from all flights and indicates that a significant proportion of the flight legs
were situated close to the tropopause. The HALO payload comprised of a vari-
ety of in-situ measurement systems for the determination of the abundance of
different atmospheric trace gasses, as well as remote measuring systems like the
Karlsruhe Institute for Technology (KIT) Gimballed Limb Observer for Radi-
ance Imaging of the Atmosphere instrument (GLORIA). The atmospheric state
parameters like temperature and air pressure during the flights were measured
with the Basic HALO Measurement and Sensor System (BAHAMAS).

The JGU Mainz participated with the University of Mainz Airborne Quan-
tum Cascade Laser Spectrometer (UMAQS). It obtains direct absorption spec-
tra of air samples within a 76 m astigmatic multipass absorption cell. During
WISE the spectrometer was calibrated for the simultaneous measurement of
carbon monoxide (CO) and nitrous oxide (N2O), with a total drift-corrected
uncertainty for CO of 0.18 ppbv and 0.94 ppbv for NoO (for further details on
the measurement principle and the error estimation, see Miiller et al. (2015)
and therein).

Carbon monoxide and nitrous oxide are an established combination of trace
gasses with tropospheric origin to determine tropospheric influence in the
stratosphere and vice versa (e.g. Miiller et al., 2015; Kunkel et al., 2019). Ni-
trous oxide is chemically inert in the troposphere and exhibits a comparatively
long tropospheric lifetime of about 120 years, resulting in an almost homoge-
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Flight date | No. | Flight objectives

31.08.2017 | 01 | Electromagnetic compatibility flight

13.09.2017 | 02 | Jet structure, TIL structure

18.09.2017 | 03 | Rossby wave breaking, Asian Monsoon air

20.09.2017 | 04 | Follow-on, decay of subtropical air mass

23.09.2017 | 05 | TIL at edge of tropospheric intrusion, associated with

gravity wave activity

27.09.2017 | 06 | Outflow from North America, jet structure

28.09.2017 | 07 | Highly structured tropopause

01.10.2017 | 08 | Outflow form hurricane Maria and Asian Monsoon
04.10.2017 | 09 | Filaments in decaying trough, SVC in outflow region
of a warm conveyor belt

07.10.2017 | 10 | Early stage of Rossby wave breaking over the Atlantic
09.10.2017 | 11 | Follow-on, Rossby wave breaking in later stage
12.10.2017 | 12 | Beginning occlusion within a Rossby wave, pronounced
TIL and mixing

14.10.2017 | 13 | Follow-on, decaying of filament in trough over Iceland
15.10.2017 | 14 | Warm conveyor belt outflow and potential impact of
hurricane Ophelia

19.10.2017 | 15 | Sampling of air masses around hyperbolic point and
related mixing effects

21.10.2017 | 16 | Rossby wave breaking and transfer flight

Table 2: Overview of the research flights conducted during the WISE campaign.
The flights which are analysed in Chapter 3 are highlighted in blue.

nous mixing ratio in the free troposphere remote from surface sources. The
tropospheric mixing ratio exhibits a positive trend due to increasing emissions.
For September and October 2017 the mixing ratio was determined to 330.375
ppbv and 330.575 ppbv on the Northern Hemisphere, according to the Com-
bined Nitrous Oxide data from the NOAA/ESRL Global Monitoring Division
(www.esrl.noaa.gov). In the stratosphere, NoO is depleted via photolysis as well
as the reaction with atomic oxygen O(!D), which results in decreasing mixing
ratios with height above the tropopause. This makes it possible to determine
a chemical tropopause based on the N2O mixing ratio (Assonov et al., 2013).
The tropospheric CO mixing ratio is determined by local sources like trans-
port or biomass combustion processes, and it exhibits a pronounced variability
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Figure 2.4: Vertical profiles of UMAQS trace gas mixing ratio measurements during
WISE RF07 on 28 September 2017, for a) CO and b) N3O. Colour code indicates
flight time since takeoff in hours.

reaching from around 40 ppbv up to several hundreds of ppbv. In the strato-
sphere, CO is depleted via the reaction with OH radicals, and produced in the
reaction cycle of the methane oxidation. In the absence of tropospheric input,
the stratospheric CO mixing ratio decreases with height above the tropopause
until it reaches a source-sink equilibrium value of about 10-15 ppbv (Flocke
et al., 1999).

Figure 2.4 exemplarily illustrates vertical profiles of CO and NoO mixing
ratios, based on measurements performed during WISE research flight RF07,
which took place on 28 September 2017. The troposphere is characterised by
comparatively large (O(10% ppbv)) and highly variable CO mixing ratios, as
well as the well mixed N2O background mixing ratio around 330 ppbv. After
the ascend, the airplane approached the tropopause at altitudes of about 12
km, where the mixing ratios of both trace gas species decrease. During the
descent at the end of the research flight, the tropopause was located at lower
altitudes below 10 km, which is also apparent in the vertical profiles from both
trace gas species.

2.3 ANALYSIS METHODS

The ECMWEF IFS model data in this work is used and processed on the native
vertical hybrid sigma model levels. In the horizontal dimension they are gen-
erally (if not noted otherwise) processed on a regular latitude-longitude grid
with a 0.25° grid spacing.

Basic variables such as the temperature T', the three-dimensional wind (u, v,
w), the relative vorticity (..;, and the cloud ice water content ciwe are directly
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provided by the ECMWF. Secondary quantities like the static stability N2,
the vertical wind shear S2, or the potential vorticity @ are derived from the
basic variables, and calculated on half levels (centred differences) to retain a
maximum amount of information in the gradient based measures.

In Chapter 3, short time forecast data on an hourly basis with an enhanced
horizontal grid spacing of 0.125° is linearly interpolated in space and time onto
the flight path, where the altitude, latitude and longitude information from the
BAHAMAS is used with 1 Hz measuring frequency. The short time forecast
fields are favourable over the analysis fields, because the increased temporal
resolution results in reduced root mean square error (RMSE) values when com-
paring the interpolated IFS data with the in-situ measurements of e.g. the
zonal wind component. The BAHAMAS data in general (e.g. air temperature,
pressure, wind components) as well as the UMAQS trace gas mixing ratio mea-
surements are processed and analysed on a 1 Hz basis. The viability of the
comparison of these high resolution in situ measurements with comparatively
low resolution model data (dx > 10 km, dt > 1 h) is discussed throughout the
analysis in Chapter 3.

The LRT altitude is determined according to the the WMO definition (WMO,
1957) as the first level in the vertical temperature profiles where the lapse falls
below 2.0 K km™! with the condition that it remains below this value between
this level and all higher levels within 2 kilometer above.

The strength of the TIL in this work is defined as the maximum in static
stability N? within 3 km vertical distance above the local LRT (as used by
e.g. Erler and Wirth, 2011). Other definitions are possible and used in different
research studies, like the average of N? over a defined vertical extent relative to
the local LRT (Kunkel et al., 2014), or the first maximum in N? above the LRT
and above a certain threshold (Gettelman et al., 2011). The definition used in
this work was found to preserve most of the information on the horizontal
variability of the TIL strength.

In Chapter 5 the analysis is partly built upon quantities on the dynamic
tropopause that is provided by the ECMWF, i.e., the () = 2 pvu surface
(ECMWF, 2016¢).



OBSERVATION OF SHEAR INDUCED MIXING IN NORTH
ATLANTIC BAROCLINIC WAVES

During September and October 2017 the airborne measurement campaign
WISE took place. One of the major objectives of the campaign was to in-
vestigate the tropopause inversion layer (TIL) with a focus on its evolution
during baroclinic life cycles in the North Atlantic storm track region. This was
motivated by a variety of preceding studies indicating a multitude of influenc-
ing factors on the TIL formation and maintenance, accompanied by a spatial
and temporal occurrence variability on a broad spectrum of scales.

The tropopause inversion layer and the processes leading to its formation
have been studied quite extensively with numerical, idealized models. Several
studies exist which describe the TIL as a climatological feature and only a few
others also analyse the processes that lead to the formation of the enhanced
static stability in the lower stratosphere. The first analysis of this thesis aims
to provide new observational insights into the TIL in the North Atlantic storm
track. This will be achieved through analysis of individual flights from the
WISE campaign which took place in 2017 mainly from Shannon, Ireland. The
second major scientific question of the mission was to study the interrelation
between the TIL and the ExTL, as previous studies had indicated a potential
causal relationship between the occurrence of STE and the TIL. Section 3.1
and 3.2 present the analysis of two research flights, addressing the following
central questions:

o How well can models capture the TIL structure in the extratropical LMS?

o Are there causal relationships between the thermal and dynamic structure
and the chemical composition in the extratropical tropopause region, in
particular with the focus on the TIL and the ExTL?

Parts of this chapter have been included in the following publication: Kunkel
et al. (2019)
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3.1 SHEAR INDUCED MIXING IN A RIDGE OF A BAROCLINIC WAVE:
WISE RFO7

Research flight RF07 aimed at the survey of the tropopause region during a
pronounced baroclinic wave breaking process over the North Atlantic in late
September. The following subsection first presents an analysis of the synoptic
situation and flow features derived from IFS model data, followed by a de-
scription of the research flight as well as the measurements taken. Then, the
ExTL trace gas signatures are put into context of the dynamic structure of
the tropopause region derived from ECMWF IFS data, e.g. the coincidence be-
tween enhanced observed trace gas gradients and the model-derived tropopause,
and mixing signatures in tracer-tracer correlations and indicators for the un-
derlaying process in the model data.

3.1.1  Synoptic situation from 27 to 29 September 2017 over the North At-
lantic

On 27 September 2017 a local minimum in the mean sea level pressure (MSLP)
became evident east of Newfoundland, leading to the formation of a low pres-
sure system. This system crossed the North Atlantic within 24 hours (Fig. 3.1),
while intensifying rapidly and reaching a minimum mean sea level pressure of
973.22 hPa around 28 September 2017, 18 UTC. During the first hours the
surface cyclone migrated along the enhanced isentropic PV gradient defining
the border of the trough over the North Atlantic, eventually superimposing
with the cyclonic wind field induced by the UTLS PV anomaly of the trough
(Davis and Emanuel, 1991). The cyclone intensified and the PV signature be-
came increasingly deformed by the rotational wind field, with the synoptic
scale downstream ridge wrapping around the surface cyclone centre. During
the following lysis stage of the cyclone, the trough and the ridge broke up into
a filamented UTLS flow which was dominated by gradual irreversible mixing
that worked towards restoring the background PV gradient structure.

Around the time of maximum surface cyclone intensity, the downstream
ridge was characterised by a pronounced TIL, i.e. enhanced values of static
stability N2 > 6-107% s72 in the LMS closely above the LRT (Fig. 3.2a).
The upper tropospheric flow was dominated by a jet streak which was situated
within the ridge at the upper tropospheric front, with maximum horizontal
wind speeds between 50 — 60 ms~! reaching up to the tropopause (Fig. 3.2b).
The TIL exhibited a synoptic scale dipole structure, with enhanced N? above
the tropospheric ridge on the anticyclonic shear side of the jet streak, and
comparatively low static stability of the order of the stratospheric background
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Figure 3.1: Potential temperature ® on = 2 pvu dynamic tropopause, for four
time steps during the evolution of the baroclinic wave. Contour lines for @ = 320
and 340 K are highlighted in black. Path of minimum surface pressure during the
four days is shown in all four panels, with the current location indicated by the red
x, and the M.SLP minimum colour coded from 994 hPa (yellow) to 973 hPa (red).

stratification N2gq = 4-107% s72 above the trough (not explicitly shown).
This agrees with theoretical studies on the adiabatic large scale TIL forcing
(Wirth, 2003, 2004) in idealised baroclinic life cycle simulations (Wirth and
Szabo, 2007; Erler and Wirth, 2011). The mesoscale variability of the TIL
within baroclinic waves is furthermore known to be influenced by enhanced
gravity wave activity in this region (Wirth and Szabo, 2007; Kunkel et al.,
2014) as well as diabatic processes like turbulence, cloud radiative forcing in
the outflow region of warm conveyor belts, or the impact of latent heat release
on ascending tropospheric airstreams (Kunkel et al., 2016).

The tropopause region where the TIL emerged was furthermore characterised
by exceptional vertical wind shear S? > 4-107% s=2 (Fig. 3.2a) above the jet
core and on its anticyclonic shear side (Fig. 3.2b). These regions of enhanced
S? exhibit similar characteristics compared to the regions of enhanced N? con-
cerning the mesoscale horizontal variability and the vertical location and extent
above the tropopause. The localised enhacement of N? and S? shows no gen-
eral co-occurence on the mesoscale but rather an occasional overlap. Therefore,
the dynamic stability of the flow at the tropopause is highly variable with re-
gions of Richardson numbers well above the critical threshold Ri., and regions
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Figure 3.2: a) Selection of UTLS features on 28 September 2017, 15 UTC from
ECMWF IFS forecast data. Solid black line indicates ®(Q = 2 pvu) = 320 K dy-
namic tropopause potential temperature. Light grey filled contour indicates regions
where the static stability N2 in the LMS exceeds 6 - 10™% s72, dark grey filled contour
where the vertical shear of the horizontal wind 52, exceeds 4-10~* s=2 within 1
km vertical distance from the local LRT. RF07 flight path from 14:20-15:15 UTC
is indicated in blue, HALO location at 15 UTC by blue star, MSLP minimum by
grey x. b) Vertical cross section at 55° N, filled contour shows horizontal wind speed,
dotted lines isentropes, black dots LRT altitude, black squares dynamic tropopause
altitude, and blue star location of the DLR HALO at 15 UTC. Black filled contour
indicates N2 > 6-107% s~2, and grey filled contour regions of enhanced vertical wind
shear 2 >4-10"*s2

with reduced Richardson numbers. This situation conceptually resembles the
findings of Kunkel et al. (2016), who describe the occurrence of turbulence and
STE particularly in regions where a pronounced TIL emerges during idealised
baroclinic life cycle simulations. This issue is the conceptual starting point for
the measurements taken during research flight RF07, with the goal to study
such regions and find signatures of mixing and turbulence related to these
situation.

3.1.2 Identification of small scale mizing above the tropopause during WISE
RFO07 on 28 September 2017

The flight took place on September 28 with take-off time at 13:15 UTC, and the
flight pattern consisted mainly of two flight legs across the downstream ridge,
with each of them repeated three times at different flight altitudes around the
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Figure 3.3: Flight pattern of research flight RF07. Colour code indicates flight al-
titude, black solid line shows surface projection of the flight path. The black dotted
lines indicate the location, the viewing direction and the opening angle of photogra-
phies of Kelvin Helmholtz billows that were taken at 15:03 UTC and are analysed
in Section 3.1.3.

tropopause (Fig. 3.3). The flight was concluded by a westward excursion into
the occlusion close to the cyclone centre. The first leg was heading northeast-
ward at FL410 which corresponded to about 12.4 km GPS altitude (Fig. 3.4a)
at potential temperatures between 350-360 K (Fig. 3.4b). At that time the
tropopause was located about 1-2 km below the airplane. The first flight leg
was followed by a descent to FL380 (11.8 km respectively @ =340-350 K) and
a return to the southwestern edge of the staged legs. During the second flight
leg from 14:20-15:15 UTC the airplane gradually approached the tropopause
above the ridge of the baroclinic wave.

Figure 3.4b shows a comparison of in situ measured atmospheric state pa-
rameters, i.e., the horizontal wind components (u,v) and the potential temper-
ature @, and IFS forecast data that was interpolated in time and space onto
the flight path. The large scale wind and temperature features are resolved in
the model, like the pronounced meridional wind peak of the jet streak that is
crossed several times. The general agreement motivates a synergistic analysis
based on in situ measurements and IFS forecast data. It becomes necessary
to factor in model data due to the lack of three dimensional measurements
and the consequential lack of measured gradient based quantities, i.e. static
stability N2 and vertical wind shear S?. However, it should be considered that
the interpolated model derived quantities remain an approximation, due to the
limited temporal and spatial resolution of the model and, closely linked, its ca-
pability to realistically resolve relevant physical processes. This will be further
discussed throughout the analysis.
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Figure 3.4: Time series of measured and model-derived quantities during WISE
RFO07 on 28 September 2017. a) Flight altitude (black solid, in km) and model-derived
quantities from IFS forecast data, showing LRT altitude as black circle markers
(2(LRT), in km), and @ = 2 pvu dynamic tropopause altitude as black square
markers (z(Q = 2 pvu), in km). b) Black line shows potential temperature along
flightpath (@, in K), blue line shows zonal wind component (u, in m s~!), and red
line meridional wind component (v, in m s~!). Bright colors show IFS forecast data
interpolated along the flight path, flat colors show in situ measured quantities.

During the tropopause approach at flight level FL.380, the airplane crossed a
region where the IFS forecast predicted enhanced static stability N2 as well as
enhanced vertical wind shear S? above the local LRT (Fig. 3.5a). The horizon-
tal and vertical succession of these features resulted in a pronounced variability
of the Richardson number along the flight path, with minimum values of the
order of magnitude of O(1) at around 14:36-14:54 UTC (Fig. 3.5b). While
Ri remained above the critical threshold Ri., the low values indicate a ten-
dency towards dynamic instability and the gradual onset of efficient turbulent
diffusion in the model due to the turbulence parametrisation.

The comparison of the IFS forecast with the in situ trace gas measurements
shows a general consistency (Fig. 3.5¢). The NoO and CO volume mixing ratios
increase with decreasing distance from the tropopause and stabilise at tropo-
spheric background values after 14:54 UTC, where the NWP data indicate a
distance of the airplane from the LRT of less than 300 meter. After 14:36 UTC
and with decreasing Richardson numbers, the trace gas mixing ratios show an
increase in variability, with a wave pattern that appears to break down into tur-
bulent motion after 14:48 UTC, before eventually reaching stable tropospheric
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Figure 3.5: a) Height-time cross section along the flight path on FL380, derived
from hourly IFS forecast fields, between 14:15 and 15:15 UTC on 28 September
2017. Vertical wind shear S? (color-coded), static stability isoline N2 = 6-10~4 s=2
(black solid), flight altitude (black dotted), isentropes ® (grey dashed), cloud ice
water content ciwe (blue dashed in steps of 5-107¢ kg kg™!), horizontal wind speed
Vu? + 0?2 (green solid, starting at 40 m s~! and in steps of 10 m s~!), and LRT
altitude (black circles). b) Static stability N? (solid red), vertical wind shear S?
(red dashed), and Richardson number Ri (black solid, logarithmic scale). Quantities
along flight path derived from IFS forecast data. ¢) Measured potential temperature
(black solid, BAHAMAS, in K), N2O mixing ratio (green, UMAQS, in ppbv), and
CO mixing ratio (blue, UMAQS, in ppbv).

background values after 14:54 UTC. Both the wave and the turbulent signal
are also apparent in the measured potential temperature time series. These
features are not resolved in the IFS.

The tracer-tracer correlation between the NoO and the CO mixing ratio for
the whole flight (Fig. 3.6) shows the expected behaviour. The troposphere is
characterised by a pronounced CO variability on nearly constant NoO back-
ground mixing ratios of about 331 ppbv (compare Fig. 2.4). The stratosphere
exhibits an approximately linear correlation between both decreasing NoO and
CO. The trace gas measurements at 14:20-14:54 UTC during the tropopause
approach of the airplane connect the tropospheric and the stratospheric branch
on a distinct slope.
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The behaviour of the correlation between NoO, CO and the potential tem-
perature is further analysed for individual segments between 14:20-14:54 UTC.
In the first part for times between 14:20-14:36 UTC an almost expected rela-
tionship between CO, NoO and © is apparent. While CO and NO correlate,
they anti-correlate with © (Fig. 3.7d). With decreasing potential temperature
and thus decreasing distance from the tropopause, both NoO and CO increase
towards tropospheric values.

Inside the wave pattern at 14:36-14:48 UTC, the correlation becomes per-
turbed. The CO profile in vertical @-coordinates broadens (Fig. 3.7b) compared
to the compact CO profile before the airplane crosses the wave pattern (Fig.
3.7a). Thus, individual isentropes now exhibit a larger span of CO mixing ratios
between tropospheric and stratospheric background values. The tracer-tracer
correlation reveals mixing lines on several isentropes (Fig. 3.7¢e). The trace gas
mixing ratios of NoO and CO still correlate, however, the anti-correlation with
©® vanishes. Individual @ values between about 335-340 K exhibit an increased
span of NoO-CO-pairs, indicating an isentropic transition from stratospheric
to tropospheric trace gas mixing ratios.

During the following 6 minutes after 14:48 UTC, both trace gasses as well
as the potential temperature exhibit a high frequency variability, which can be
interpreted as turbulent motion. Interestingly, the vertical profile of CO shows
again a more compact structure (Fig. 3.7¢), and the tracer-tracer correlation
exhibits a rather strict anti-correlation between ® and the correlated trace gas
mixing ratios (Fig. 3.7f). A possible interpretation is that between 14:48-14:54
UTC the mixing process is still in progress and the trace gas mixing ratios are
not yet homogenised across isentropes. The wave pattern that is crossed earlier
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Figure 3.7: Correlation analysis of the measurements presented in Fig. 3.5c. a) -
c¢): CO-O correlation for the three successive time periods during the flight leg on
FL380, with the time since 14:00 UTC colour-coded. d) - f): CO-N2O tracer-tracer
correlation, with the colour code indicating the measured potential temperature @
in K.

is located downstream of the flow, and the isentropic mixing lines could be the
result of the mixing process upstream.

In summary, the IF'S forecast predicts a dynamic situation which agrees with
the in situ measurements, up to the point where horizontal and vertical reso-
lution restrictions limit the capability of the model to resolve structures in the
flow. Above the LRT within the ridge of the baroclinic wave a pronounced TIL
emerges in accordance with the forcing mechanisms that are known from theo-
retical considerations and idealised numerical baroclinic life cycle simulations.
In the same region, a layer of enhanced wind shear emerges, above the jet core
and directly above the LRT. Exceptional vertical wind shear commonly occurs
in this region, in accordance with the enhanced horizontal temperature gradi-
ents at the upper tropospheric front and the associated thermal wind shear
forcing above the jet core.

Additionally, the layer of enhanced vertical wind shear in Fig. 3.5a shows a
wave pattern with a horizontal wavelength in flight direction of about A;, = 150
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Figure 3.8: a) Power spectral density of the meridional wind along the flight path
during WISE RF07, comparison between BAHAMAS measurements (grey solid) and
IF'S forecast data (black solid). Red line indicates f = 21073 s~1. b) Divergence of
the horizontal wind V - @, at 11.5 km altitude on 28 September 2017, 15 UTC. Black
line indicates the flight path of the research aircraft between 14:20-15:15 UTC.

km, estimated from the three S? maxima during 37 minutes flight time at an
average speed of about 200 m s~'. This mesoscale variability in S? could be
associated with a gravity wave. The time series of the horizontal wind compo-
nents along the flight path show a similar mesoscale wave signal (Fig. 3.4b),
in the measurements, as well as with a reduced amplitude in the IFS data,
particularly prior to 14:30 UTC since the wave structure that is evident in S?
was not directly crossed. Research studies on the spectrum of resolved gravity
waves in the ECMWF IFS have shown a reduced effective resolution due to
the diffusive filter which is applied at the shortest scales to improve numerical
stability (ECMWF, 2016a). Preusse et al. (2014) describe a distinct fall-off in
the power spectrum of the temperature along latitude circles at about 220 km
horizontal wavelength, which corresponds to a factor of about 9 compared to
the horizontal grid spacing of 25 km in the IFS version used in the study. In
the present case, the octahedral O1280 grid in the IFS Cy43r3 corresponds
to a horizontal grid spacing of about 9 km. The power spectral density of
the meridional wind along the flight path derived from the IFS forecast be-
gins to decrease significantly compared to the measurements at frequencies
below about f =2-1073 s~ (Fig. 3.8a). This corresponds to a wavelength of
A = 100 km. The power density spectra differ between 100-200 km wavelength
(1-1073s7! < f <2-1073 s71), indicating that the model resolves wave fea-
tures at this size range, however not necessarily realistically. Wave structures
larger than A > 200 km (f < 1- 1073 s_l) are well represented in the model, up
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to the peak at about f ~ 1.5-107% s~ which corresponds to the meridionally
aligned jet streak that is crossed several times (compare Fig. 3.5b).

The divergence of the horizontal wind at 11.5 km altitude indicates pro-
nounced gravity wave activity in the region of interest (Fig. 3.8b, compare e.g.
O’Sullivan and Dunkerton (1995), Plougonven and Snyder (2005), and Kunkel
et al. (2014)). The ridge of the baroclinic wave comprises several sources for the
generation of gravity waves on a large spectrum of intrinsic frequency scales,
like high reaching convection, cross-frontal circulation, and ageostrophic flow
components in the jet-exit region. The representation of the wave spectrum
in the IFS depends on the resolution capabilities of the model, as well as the
implementation of the gravity wave source mechanisms. Overall, the mesoscale
variability of the layer of enhanced wind shear is likely forced or at least influ-
enced by gravity waves that are resolved in the IFS.

The identification of the layer of enhanced wind shear above the LRT proves
to be a useful indicator for the potential of dynamic instability and turbulent
mixing. The time series of NoO, CO and © show small scale wave perturbations
within the layer of enhanced wind shear, and below the resolution capability of
the model. These small scale waves potentially become dynamically unstable,
which can result in turbulent breakdown of the flow and vertical mixing across
trace gas gradients. This is evident in the perturbed correlation between N5O,
CO and ©. While the signal for quasi-isentropic mixing in the trace gas mea-
surements remains a very localised spot measurement, the hypothesised scale
transition from large scale background wind shear to mesoscale gravity wave
induced gradient sharpening, and eventual small scale wave growth due to dy-
namic instability agrees with theoretical considerations on the occurrence of
CAT and observations thereof (Sharman et al., 2012). One central result from
the analysis presented is the identification of the layer of enhanced vertical
wind shear and its distinct features, i.e., the region of occurrence, the vertical
confinement, and the mesoscale variability, particularly in comparison to the
TIL.

The IFS forecast predicts a region of reduced Richardson numbers in the
LMS directly above the LRT, which is caused by the layer of enhanced verti-
cal wind shear. Enhanced wind shear does not correlate well with the occur-
rence of turbulence (e.g. Knox, 1997), but it is a prerequisite for turbulence
to occur in stably stratified flow. Figure 3.2b indicates that the occurrence
of S > 4.107% s72 is limited to the region directly above the tropopause,
which agrees with the fact that tropospheric flow generally can not sustain
such wind gradients, according to the dynamic stability criterion. In the strato-
sphere, these gradients furthermore result in Richardson numbers of the order
of magnitude of O(1), considering the average stratospheric static stability of
N2 ot ~ 4-10~% s72. The diffusive turbulence parametrisation in the model
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acts towards the erosion of the gradients responsible for such low Richardson
numbers, with the consequence that R: approaching Ri. is increasingly hard
to sustain in the model. The significance of this effect is not quantified, and
therefore should not be overestimated but rather generally considered. The
fact that R: remains above Ri. shows that the model is not capable to resolve
all processes that result in the observed mixing process. Overall, it proves to
be useful to identify exceptional vertical wind shear above the LRT as a first
indicator for the tendency towards dynamic instability.

Due to the previous considerations, the threshold value for the identification
of the layer of enhanced vertical wind shear is set to S? = 4-10~% s72. Using
this value, the vertical extent of the layer of enhanced vertical wind shear
within the ridge of the baroclinic wave (18° W-5° E, 45° N-65° N, compare
Fig. 3.2a) averages dz = 511 £206 m (mean + one standard deviation). In
potential temperature this translates to d® = 9.34 = 4.10 K. The strength
and size of the shear layer in the IFS should be regarded with care, since the
vertical extent is of the order of the grid spacing at tropopause altitudes.

In conclusion, the layer of enhanced vertical wind shear 52 > Sf narrows
down the region where shear-induced turbulent mixing can occur above the
LRT, according to the IF'S forecast. This result will be further expanded in the
following analysis chapters.

3.1.3 Observation-based estimate of the depth of the mixing layer on the basis
of a Kelvin-Helmholtz instability

During WISE RFO07 and shortly after the approach of the airplane on the
tropopause, Kelvin-Helmholtz billows on top of the cloud deck inside the ridge
of the baroclinic wave were observed and photographed (Fig. 3.9a). The mission
PI on board took two photographs of the wave train at the same viewing angle
of ¢ = 90° + 20 £ 2° relative to the the airplane heading at 15:03 UTC, and
with a time offset of At = 4+ 1 s between the photographs. This allows an
estimation of the horizontal and vertical extend of the billows based on the
Exif data of the camera in combination with an analysis of the background
flow, inspired by the approach of Reiss and Corona (1977).

At that time where the photographs were taken the airplane was heading
218° from true North and traveling at a true airspeed of TAS = 2354+ 5 m s~ !
(Fig. 3.9b). The measured wind direction was 50° from North and therefore
approximately opposed to the airplane heading. The estimation of the Kelvin-
Helmholtz billow size is made under the assumption that the wind measured at
the airplane describes the background flow in the vicinity of the airplane and
therefore also the orientation of the Kelvin-Helmholtz wave. We furthermore
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Figure 3.9: a) Composite of the the two post-processed photographs taken at
15:03:43 and 15:03:47 UTC. The displacement is such that the Kelvin-Helmholtz
billows align horizontally. b) Schematic of the geometric analysis. Red lines show the
cameras field of view and the image plane, blue dashed lines indicate the Kelvin-
Helmbholtz billows at two time steps.

assume that the dynamics of the wave (e.g. its group velocity relative to the as-
sumed background flow) are negligible with regard to the time step of 4 seconds.
The relative horizontal displacement of the wave train in the two photographs
is therefore in first-order approximation solely due to to the traveling speed of
the airplane relative to the background flow, which is given by the T'AS. The
two photographs were taken with a horizontal field of view of the camera of
® = 60.3° (corresponding to a 31 mm lens on a 35 mm equivalent film/sensor).
From the geometric point of view described in this paragraph and depicted in
Fig. 3.9b we estimate a horizontal size of the image plane at the location of the
wave train of 1545 km (see Appendix A for further details), which implicates
a distance between the Kelvin-Helmholtz billows and the research aircraft of
12.91 £4.30 km and a Kelvin-Helmholtz wavelength of A = 1.26 £ 0.42 km.
The mixing height of the breaking Kelvin-Helmholtz billows is approximately
0.5\, based on a geometric estimation in the photographs. The vertical extent of
KHI billows relative to the wavelength varies between 0.5 — 0.2\ in observations
and theoretical studies (Fritts and Palmer, 1996; Geerts and Miao, 2010). The
estimation of z = 0.5\ in Fig. 3.9a translates to a mixing height of 630 210 m.

The mixing height derived from the vertical extent of the KHI billows in the
photographs (630 & 210 m) lies within the range of the vertical extent of the
layer of enhanced vertical wind shear in the IFS forecast data (511 4206 m,
Section 3.1.2). The identification of this layer furthermore proved to be a good
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indicator for the region that was exposed to quasi-isentropic mixing according
to the trace gas measurements. The mixing signal in the trace gas mixing ratios
was apparent over a potential temperature range of about 5 K, which is also
barely outside the range of %shearlayer = 9.34 +£4.10 K in the IFS forecast.
Thus, the two independent analyses provide a coherent estimate of the height
of the mixing. In both cases the underlaying process is shear induced dynamic
instability within a layer of enhanced vertical wind shear in the stably stratified
flow at the tropopause. The large scale background wind shear is an inherent
feature of the jet streak associated with the baroclinic wave, and the mesoscale
variability of S? is likely forced by enhanced gravity wave activity within the
ridge.

3.2 SMALL SCALE INTERNAL MIXING WITHIN THE TIL: WISE RF12

The analysis of the dynamic situation that resulted in the observed quasi-
isentropic mixing during WISE RF07 relied on the inclusion of IFS forecast
data, due to the lack of vertical gradient measurements of flow properties in
the region of interest. The IFS forecast predicted a layer of enhanced verti-
cal wind shear at the tropopause and in the region where a pronounced TIL
emerged. This resulted in Richardson numbers of the order of magnitude of
O(1), indicating the potential for dynamic instability, in agreement with the
mixing signal in the trace gas measurements as well as the KHI billows that
were observed shortly thereafter. However, the analysis indicated that the IFS
was barely able to realistically resolve the mesoscale variability of the vertical
wind shear in the horizontal, as well as the vertical extent of the layer of en-
hanced vertical wind shear. The mesoscale variability of S? showed dominant
structures at scales of the order of the assumed effective horizontal resolution
of the IFS, i.e., about 10?> km. The vertical extent of the layer of enhanced
vertical wind shear exhibiting S? > S? was of the order of the vertical grid
spacing of the IFS at LRT altitudes.

Motivated by these limitations of the previous analysis, this Chapter presents
a second, similar case study, i.e., a tropopause approach of the research aircraft
from above the ridge of a baroclinic wave that was surveyed during WISE RF12.
Several well placed flight level changes open up the possibility to derive in situ
measurement based quasi-vertical profiles during ascents and descents of the
airplane. This allows the comparison of gradient based flow properties in the
IFS and in the measurements, i.e., static stability N? and vertical wind shear

S2.
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Figure 3.10: Excerpt of the synoptic situation during WISE RF12. a) Potential
temperature @ on the Q = 2 pvu dynamic tropopause, on 12 October 2017, at 12
UTC. Contour lines for ® = 320 and 340 K are highlighted in black. Mean sea
level pressure overlay in grey contour lines (MSLP, beginning at 965 hPa in the
cyclone centre and in steps of 10 hPa). Flight path of WISE RF12 indicated in red.
b) Height-time cross section along the flight path, indicating the Richardson number
(Ri, color coded), flight altitude (zgaro, black dotted line), dynamic tropopause
(2(Q = 2 pvu), black dash-dotted), LRT altitude (z(LRT), circle markers), an isoline
of the static stability (N? = 6-107* s72, grey solid line), and isolines of the horizontal
wind (up,, in m s~!, grey dashed lines). All quantities derived from IFS forecast data.

3.2.1 The synoptic situation during WISE RF12

On 12 October 2017, the ridge of a baroclinic wave over the North Atlantic
reached northward up to Iceland. It was associated with a pronounced surface
cyclone southeast of Iceland, with an MSL pressure below 965 hPa (Fig. 3.10a).
The first part of the flight path of WISE RF12 comprised of two orthogonal
flight legs, first heading northward and then westward, to reach the upper tro-
pospheric front which was situated just south of Iceland. During the westward
flight leg, the airplane was flying at FL.410 (12.3 km altitude), which accord-
ing to the IFS forecast was located in the LMS right above a pronounced TIL
associated with the ridge (Fig. 3.10b). Before heading northwestwards across
the tropopause break at 11:55 UTC, the airplane descended approximately 1
km downwards to FL380, and crossed the TIL structure. The IFS predicted
a layer of enhanced vertical wind shear and small Richardson numbers of the
order of magnitude of O(1) located between the tropopause and the TIL, and
above the tropospheric jet streak.
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Figure 3.11: Quasi-vertical profiles during the descent from 11:55 to 11:57 UTC
during WISE RF12. Solid thick lines show IFS forecast profiles, dashed lines mea-
surements or measurement-derived variables, and solid thin lines 20 second running
mean of measurements. a) Air temperature (7', in K). b) Horizontal wind compo-
nents, u in green, v in magenta ((u/v), in m s~1). ¢) Vertical shear of the horizontal
wind in blue (52, in s72) and static stability in red (N2, in s72), on a logarithmic
scale. Richardson number in black (Ri, dimensionless). Vertical blue line indicates
Ri = 0.25. The potential temperature derived from the BAHAMAS measurements
is indicated on the rightmost vertical axis.

3.2.2  Atmospheric flow properties in the ExTL during WISE RF12 and in
IFS data

The (slanted) quasi-vertical profiles from the descent at 11:55 UTC allow the
comparison of the in situ measured quantities like the air temperature 7" and
measurement-derived secondary gradient based measures like N2 and S? with
the IFS forecast data. Figure 3.11a shows such a comparison of vertical profiles
for the air temperature. The basic vertical structure compares well between
the IFS and the in situ measurements, however, the BAHAMAS temperature
exhibits a more pronounced fine scale structure. The isothermal layer above
12.2 km altitude is the most striking deviation. It exhibits a vertical extent
of 200 meter, and results in a local minimum of the static stability N? (Fig.
3.11c). Aside from this minimum, the altitude, extent and strength of the N?
maximum which defines the TIL is well represented in the IFS data, especially
when considering the vertical resolution of the model at these altitudes.

The isothermal layer is an indicator for a preceding turbulent mixing event,
that took place within the larger scale TIL structure. Turbulent gradient ero-
sion works towards a neutral stratification, i.e., a vanishing vertical potential
temperature gradient. The tracer-tracer correlation of NoO and CO shows a
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distinct mixing signal, for the potential temperature range from about 356—
360 K, where the isothermal layer is situated (Fig. 3.12). The trace gas mixing
ratios clearly deviate from the stratospheric and the tropospheric branch, indi-
cating mixing between the two separated air masses. They furthermore deviate
from the mixing line that is apparent in the tracer-tracer correlation for the
remainder of the descent, i.e., for the potential temperature range from 340 to
about 354 K.

Therefore, the TIL in this region is characterised by a layered structure of
two distinct mixing signals in the tracer-tracer correlation, which is also ap-
parent in the vertical temperature profile. This is an important result in the
context of the central question of this thesis, i.e., the relation between the TIL
and the mixing processes that form and maintain the ExTL. The TIL encoun-
tered during WISE RF12 at 11:55-11:57 UTC is quite pronounced, with a a
maximum in static stability of N2> = 10-107% s72 in the measurements as well
as in the IF'S forecast (compare e.g. the range of the TIL strength within baro-
clinic waves Pilch Kedzierski et al. (2015) identified in GPS-RO measurements).
Thus, the TIL presents a conceptual transport barrier, inihibiting both vertical
motion as well as dynamic instability due to strong buoyant forces. Still, the
TIL does not exhibit a clear separation between tropospheric and stratospheric
tracer-tracer pairs, but instead distinct mixing lines which connect the tropo-
sphere and the stratosphere. The TIL emerges within the ridge of a baroclinic
wave, a region which is simultaneously exposed to exceptional vertical wind
shear at the tropopause, and thus, an enhanced potential for the occurrence
of dynamic instability and turbulent mixing. The tracer-tracer correlation of
CO and N3O (Fig. 3.12) exhibits two distinct mixing lines in the tracer-tracer
correlation during the descent of the airplane, spanning over A® = 20 K in
the potential temperature. This further validates that the TIL in this region
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is and/or was subjected to a spatial and/or temporal succession of turbulent
mixing processes.

The vertical profiles of the horizontal wind components give further indica-
tions for the potential for turbulent mixing within the TIL. The meridional
and the zonal wind profiles exhibit a wave signal with an amplitude of about
2 m s~! and a vertical wave length of 300-400 m. This wave is not resolved
in the IFS, and thus, the vertical profiles of S? and Ri deviate significantly
from the vertical profiles derived from the measurements. The phase relation
between the two wind components results in a vertical succession of minima
and maxima in S2, and the according anti-correlated sequence in the Ri pro-
file. Throughout large parts of the TIL, the Richardson numbers approach the
critical limit Ri.. This is for example the case for a layer centred at about 12
km altitude (349.8 K) which exhibits a vertical extent of about 100 m. It is
conceivable that the mixing event that took place between 12.2-12.4 km was
forced by localised exceptional wind shear within such a small scale wave. How-
ever, this remains hypothetical since the measurements remain a snapshot in
time with the descent of the airplane taking just about 2.5 minutes, thus only
reflecting momentary indicators for preceding and ongoing mixing.

The analysis indicates that the TIL is exposed to a temporal and spatial
sequence of internal mixing events on vertical scales of the order of 102 m. In-
tense shear layers that result in dynamic instability can generate small scale
gravity waves (Plougonven and Zhang, 2014) which can sharpen the wind gra-
dient in adjacent layers, potentially forcing subsequent dynamically unstable
layers. The role of the TIL as a maximum of the refractive index for these
internal waves remains to be investigated in the context of the results from
Bense (2019).

Finally, it is important to note that while the TIL is largely realistically
resolved in the IFS forecast, the vertical wind shear is significantly underes-
timated due to the small scale wave feature in the wind profiles not being
resolved in the model. This implicates an underestimation of the potential for
dynamic instability in the LMS.

3.3 SUMMARY

Two central questions were addressed in this chapter:

o What is the relation between the TIL and the ExTL, and what processes
are responsible?

o How well does high resolution ECMWEF IFS data represent the thermal
and dynamic structure of the tropopause region in comparison to airborne
observations?
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To approach these questions, two case studies were presented, based on research
flights that took place during the WISE campaign and aimed towards these
issues. Both research flights surveyed the TIL structure within ridges of baro-
clinic waves, a region where a strong TIL commonly evolves (Pilch Kedzierski
et al., 2015), in agreement with the mechanisms that force a pronounced tem-
perature inversion above the tropopause in this region (Wirth, 2004; Erler and
Wirth, 2011; Kunkel et al., 2016).

During the second flight leg of WISE RF07, a tilted tropopause structure
above the ridge of the baroclinic wave was approached horizontally from within
the stratosphere. At potential temperatures of 335-340 K, the measured trace
gas mixing ratios of NoO and CO indicated quasi-isentropic exchange across
mixing lines that connected the tropospheric and the stratospheric branch in
the tracer-tracer correlation. The dynamic situation that led to mixing was
analysed via a synergistic approach based on in situ measurements as well as
high resolution IFS forecast data. The IFS predicted a layer of exceptional
vertical wind shear closely above the LRT, which was crossed by the airplane.
The enhanced vertical wind shear was associated with the jet streak within
the baroclinic wave. The large scale background wind shear was modified by a
mesoscale wave perturbation, which was interpreted to be forced by a resolved
gravity wave in the model with a horizontal wavelength of the order of the
effective resolution of the IFS forecast, i.e., about 102 km. The TIL exhibited a
mesoscale variability similar to the layer of enhanced vertical wind shear. En-
hanced N? and enhanced S? showed no general co-occurrence, which resulted
in a pronounced variability of the Richardson number R: along the flight path.
Ri exhibited a local minimum of the order of magnitude of O(1) in the region
where mixing was evident in the trace gas measurements.

Under consideration of the average stratospheric static stability of N2 = 4 -
10~% 572 and the dynamic stability criterion the layer of enhanced vertical wind
shear above the LRT was identified based on a threshold of S? = 4-107% s72.
The mixing signal in the trace gas measurements was situated within this layer,
which indicated a general agreement between the measurements and the IFS
forecast. The mean vertical extent of the layer exhibiting S? > S? in the IFS
forecast was determined to dz = 511 4 206 m respectively d©® = 9.34 +4.10
K. This is of the order of the vertical grid spacing of the IFS at tropopause
altitudes, which should be considered when analysing the dynamic stability in
this region (compare e.g. the results from Birner et al. (2002) for the ERA
Interim reanalysis).

The viability of S? > S? as an indicator for the potential for dynamic insta-
bility was further confirmed through the observation of KHI billows on a cloud
deck shortly after the mixing signal in the trace gas measurements. Based on a
geometric analysis of two photographs of the KHI billows, their vertical extent
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was estimated to 630 + 210 m which is within the range of the height of the
layer of enhanced vertical wind shear in the IFS. Despite the good agreement
between the different analyses, it was shown that the mesoscale variability and
the vertical extent of the layer of enhanced vertical wind shear approached the
limit of the resolution capabilities of the IFS.

During WISE RF12 a synoptic situation similar to the one encountered dur-
ing RF07 was surveyed, and a vertical descent of the research aircraft closely
above the LRT through a pronounced TIL allowed the comparison of in situ
measured N2 and S? profiles with profiles in the IFS forecast. The analysis
revealed that the measured static stability maximum of N2 = 10-10~% s72
which defined the TIL was realistically resolved in the IFS forecast. The verti-
cal wind shear however was significantly underestimated in the model, due to a
gravity wave of 300-400 m vertical wavelength that was not resolved in the IF'S.
Intense vertical wind shear caused by the phase relation between the horizon-
tal wind perturbations resulted in Rz locally approaching Ri., indicating the
potential for dynamic instability. The tracer-tracer correlation of NoO and CO
revealed a distinct mixing line spanning over the greater part of the vertical
profile surveyed, indicating mixing between tropospheric and the stratospheric
air. An isothermal layer of 200 m vertical extent was furthermore interpreted
as a remainder of a preceding turbulent mixing event within the TIL, which
was further confirmed by a second, distinctly separate mixing line in the tracer-
tracer correlation.

The analysis of WISE RF07 showed that turbulent mixing and STE occurs
within ridges of baroclinic waves, in a region which is characterised by a pro-
nounced TIL. The key result from the analysis of WISE RF12 is that turbulent
mixing occurs within the TIL, connecting tropospheric and stratospheric air
directly through the maximum of static stability. This puts the results from
Kunkel et al. (2016) into a real-life context, who identify the occurrence of en-
hanced turbulent kinetic energy in the region where a pronounced TIL emerges
during idealised baroclinic life cycle simulations. The maximum of static stabil-
ity that defines the TIL inhibits vertical motion due to the buoyant restoring
force that acts on up or downwards displaced air parcels, e.g. through iner-
tial overshooting of tropospheric air at cloud decks which reach up to the
tropopause. Furthermore, within the TIL exceptional shear forces are neces-
sary for dynamic instabilities to evolve. Therefore, a pronounced TIL is often
thought of as an effective transport barrier between the troposphere and the
stratosphere.

In the context of research on STE and the significance of different exchange
pathways, the cyclonic shear side of the jet stream is considered to be the
dominating region (Pan et al., 2007; Konopka and Pan, 2012), because of the
reduced static stability within throughs, PV-streamers and stratospheric in-
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trusions. This agrees with the significantly deeper chemical transition zone
observed on the cyclonic side of the jet (Schéfler et al., 2021). The anticy-
clonic shear side of the jet has gained less attention in this context, since it
is associated with a pronounced TIL and thus a strong conceptional transport
barrier. It is furthermore characterised by a more abrupt chemical transition
between the troposphere and the stratosphere (Pan et al., 2007), which indi-
cates less deep STE. The two case studies presented in this thesis show that
turbulent mixing occurs in this region, forced by exceptional wind shear on
the anticyclonic shear side of the jet, as well as mesoscale and sub-mesoscale
flow perturbation due to gravity waves emitted from source regions like high
reaching clouds, cross-frontal circulation, and ageostrophic flow components of
the jet streak. The overall significance of turbulent mixing above ridges and
within the TIL remains to be quantified. Generally, baroclinic waves are a com-
mon feature in the extratropics, where they dominate the large scale flow in
the UTLS. During WISE RF07, the IFS forecast predicted enhanced vertical
wind shear S? > Sf at the tropopause over large areas of the ridge, as well as
pronounced gravity wave activity which was identified based on the divergence
of the horizontal wind. Thus, the preconditions for occasional and scattered
small scale mixing as observed during WISE RF07 and RF12 are given over
large areas, which could contribute significantly to the overall STE budget. Fur-
thermore, it should be considered that mixing at low tropopause altitudes (e.g.
Shapiro, 1980) affects a different range of potential temperatures compared
to turbulent mixing at elevated tropopause altitudes above ridges. Another im-
portant factor is the varying ratio between troposphere-stratosphere transport
(TST) and stratosphere-troposphere transport (STT) in different regions and
at different altitudes (Sprenger and Wernli, 2003), and the resulting impact on
the chemical composition in the troposphere respectively the stratosphere.
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COMPOSITE ANALYSIS OF THE TROPOPAUSE
INVERSION LAYER AND THE TROPOPAUSE SHEAR
LAYER IN EXTRATROPICAL BAROCLINIC WAVES

Chapter 3 presented an analysis of the occurrence of a layer of strong ver-
tical wind shear S? > 4-10"% s72 in the region where a pronounced TIL
commonly evolves at midlatitudes, i.e., above the tropopause within ridges of
baroclinic waves. The observed synoptic scale dipole structure of enhanced
(reduced) lower stratospheric static stability above ridges (troughs) agreed
with the balanced dynamical forcing mechanism described by Wirth (2004)
and further implemented and identified in idealised numerical baroclinic life
cycle simulations (Wirth and Szabo, 2007; Erler and Wirth, 2011). The em-
bedded mesoscale variability of the TIL above the ridge was attributed to
enhanced gravity wave activity and perturbation of the thermal structure at
the tropopause (Kunkel et al., 2014), as well as diabatic processes associated
with large scale ascending airstreams (e.g. WCB) and cloud formation up to
the tropopause, radiative cooling at the cloud deck, and resulting strenghten-
ing of the temperature inversion which defines the TIL (Kunkel et al., 2016).
The occurrence of turbulence and the resulting diffusive erosion of potential
temperature gradients can reduce the TIL strength locally, which Kunkel et al.
(2016) identified to significantly influence the overall TIL evolution during bar-
clinic life cycle simulations. Despite the agreement of the assumed processes
and the observed TIL variability, much of what is known about the temporal
evolution of the TIL during baroclinic life cycles is based on idealised numeri-
cal simulations of baroclinic waves (Wirth and Szabo, 2007; Erler and Wirth,
2011; Kunkel et al., 2014; Kunkel et al., 2016). This issue is the starting point
for the analysis presented in this chapter.

Turbulence can occur as a result of dynamic instability, which evolves above
the tropo-pause when strong wind shear overcomes the stabilising buoyant
forces associated with the stable stratification in the stratosphere and partic-
uarly whithin the TIL. The analysis of the two case studies of WISE RF07 and
RF12 revealed that shear induced turbulent mixing occurs around and within
the TIL. The IFS resolved central dynamic features that resulted in dynamic
instability, i.e., enhanced large scale background thermal wind shear associated
with the jet streaks in the regions of strong baroclinicity as well as the mesoscale
variability of the layer of enhanced wind shear which was mainly attributed
to resolved gravity waves in the model. The occurrence of intense wind shear
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in the tropopause region within baroclinic waves is the second central issue of
this chapter.

The following Chapter presents a generalised approach to analyse baroclinic
life cycles in association with strong surface cyclones in the North Atlantic
storm track region, based on IFS analysis data. The analysis fields provide a
maximum agreement with the assimilated measurement data, and the analysis
presented in this Chapter was identified to not depend the enhanced hourly
temporal resolution of the forecast fields, which motivated the choice of the
data. The time period analysed spans from beginning of September to the end
of November, for the years 2010-2014. The analysis was initiated during the
preparation phase for the WISE campaign, which took place during SON over
the North Atlantic.

The central question adressed in this chapter is as follows:

o Does the TIL exhibit similar evolution stages during individual baroclinic
life cycles, how do they relate to the evolution of the wind field, and what
are consequences for the dynamic stability particularly in the tropopause
region?

First, the cyclone tracking algorithm and the compositing method are ex-
plained. Second, a sequence of consecutive case studies is presented, specifically
an LC2 wave breaking event (life cycle 2, Thorncroft et al. (1993)), followed
by an LC1 wave breaking event which eventually results in a cut-off of strato-
spheric air. Third, a five year composite analysis of North Atlantic cyclones for
the SON season from 2010 to 2014 is presented.

Parts of the following analysis have been published in Kaluza et al. (2019).
However, while the focus in Kaluza et al. (2019) is more on the evolution of the
TIL in baroclinic life cycles and whether this evolution is similar to predictions
from idealised models, the focus of this chapter is additionally on the evolution
of the shear layer and its impact on the generation of turbulence.

4.1 CYCLONE TRACKING AND COMPOSITING METHOD

UTLS flow features during breaking baroclinic waves and the evolution of sur-
face cyclones are inherently linked (e.g., Thorncroft et al., 1993). The idea of
tracking the UTLS flow feature evolution based on the location of the surface cy-
clone centre is the core concept of this chapter. A variety of methods have been
tried and tested to track surface cyclones, e.g. identifying maxima in the mid-
dle or upper troposphere relative vorticity, or local minima in the MSLP field.
The IMILAST project (Neu et al., 2013) showed that several methods achieve
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comparable and reliable results. A testing phase of different approaches even-
tually led to the MSLP identification algorithm as most appropriate method in
terms of accurracy and computational speed for the data used in this analysis.
MSLP minima are more unambiguously to identify than minima in the relative
vorticity in the high resolution IFS analysis data due to the MSLP field being
more smooth. The tracking algorithm is based on Hanley and Caballero (2012),
and is adapted to fit the limitations and demands of the geographically limited
high resolution data set used. The following paragraphs in this section describe
the three central steps of the algorithm: 1) The smoothing of the MSLP fields.
2) The identification of minima. 3) The connection of individual minima from
consecutive time steps to identify cyclone tracks in space and time.

A local minimum in the MSLP field is defined as a grid point exhibiting
a lower MSLP than its neighbouring 8 grid points. The MSLP fields in this
study are processed in a regular latitude longitude grid with 0.25° horizontal
grid spacing. Two problems arise from this specification. First, the MSLP often
exhibits a pronounced small scale variability and several local minima within
one cyclone centre. Second, the latitude-longitude grid is irregular in geomet-
ric space due to the convergence of the meridians with increasing latitude. To
counteract the first difficulty, the MSLP fields are smoothed by applying a
Cressman filter (Cressman, 1959), averaging each grid point in the field with
its neighbouring grid points within a radius r < rg (rg being 500 km), using
weights of (73 —r2)/(r3 + r?). To work around the second problem, the fil-
tered fields are projected on an area preserving Lambert projection centred
at the North Pole, and interpolated onto a regular geometric grid with 28
km horizontal grid spacing, which corresponds to the 0.25° resolution in the
latitude-longitude grid at the equator. The algorithm then identifies and saves
local minima in the filtered and projected fields, and translates them back to
the original MSLP field. Two further criteria are applied: 1) All minima with
MSLP > 1007.25 hPa are neglected. This criterium further reduces the amount
of local small scale minima in the MSLP field, and replaces the pressure gra-
dient criterium applied in Hanley and Caballero (2012), since the geographical
restriction of the data used makes it difficult to consistently calculate pressure
gradients. 2) All minima in the MSLP field at a location where the orographic
elevation is higher than 1500 m are neglected. This is motivated by the results
from the IMILAST project (Neu et al., 2013), as the pressure reduction from
high altitudes to mean sea level involves some uncertainty and can produce
artificial local minima.

The remaining minima are then connected to cyclone tracks by searching
for an associated minimum in consecutive time steps within a certain search
radius. For minima associated with a new formed cyclone the search radius
in the second time step is 720 km from the position where the cyclone first
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Figure 4.1: a) All 139 cyclone tracks identified in the analysed region. Crosses
indicate the location of MSLP along each track. b) Schematic of the size of the
analysed region (dark grey) in comparison to the full sphere, as well as the size of a
rotated spheric polar coordinate system (orange) with ®,,,,, = 15° radius. The dark
grey semi-transperent upright plane illustrates (with exaggerated vertical extent) the
vertical cross-section aligned from north to south as displayed in Fig. 4.11c and d.

appears. Tracks consisting of two time steps or more are extended using a ’first
guess’ approach (Wernli and Schwierz, 2006), where the first guess is a linear
continuation of the preceding track in the regular latitude-longitude grid:

*(tna1) = Z(tn) + 0.75[F(t,) — Z(tn_1)]. (11)

Wernli and Schwierz (2006) introduce the factor of 0.75 because cyclone move-
ment tends to get slower during a cyclone’s life cycle. The corresponding MSLP
minimum is then defined as the closest minimum from z*(t,,1) within a ra-
dius of 840 km. For more information concerning the values of the search radii
and the first guess approach see Hanley and Caballero (2012) and Wernli and
Schwierz (2006). Following yet another result from the IMILAST experiment
(Neu et al., 2013) only cyclones with a lifetime of at least 24 hours are further
considered which translates to at least five 6-hourly time steps in the IF'S anal-
ysis data. The algorithm furthermore neglects cyclones with less than two time
steps before and /or after the global minimum in MSL pressure along their path
to make sure that the actual intensification period is covered by the data.
Figure 4.1a shows all tracks identified by the algorithm. The set of tracks
consists primarily of extratropical cyclones in the North Atlantic storm track
region. The Mediterranean Sea features very few tracks, which is probably due
to the upper MSLP threshold of 1007.25 hPa and the fact that cyclones in
this region hardly exhibit pronounced MSLP minima. This study focusses on
the North Atlantic storm track region, the tracks over North Africa and the
Mediterranean Sea are therefore sorted out by a geographical criterium.
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The cyclone tracks are ultimately utilised to analyse mean flow features in
the UTLS at comparable stages and locations during baroclinic life cycles. For
this, composites of the tracks at the time of maximum surface cyclone intensity
(defined by global minimum MSLP along the track) are calculated. To work
around the irregularity of the original latitude-longitude grid, several measures
of interest are interpolated onto a new polar spheric coordinate system with
the pole rotated onto the cyclone centre. The new coordinate system exhibits
a horizontal grid spacing of 0.25° and a spherical cap radius of ®y,4, = 15°
(Fig. 4.1b). The rotation of the new coordinate system onto the cyclone centre is
performed following Bengtsson et al. (2007), who provide a detailed description
of the rotation matrix in their appendix. In such a way, three dimensional data
is interpolated onto a pillar centred over the cyclone centre, with an LRT based
relative coordinate system and a vertical spacing of dz = 100 m, defining the
LRT altitude as the zero level and negative (positive) altitude values below
(above). A possible tilt of the vertical axis from the surface anomaly up to the
LRT is neglected, as well as a potential rotation of the cyclonic structure as a
whole based on the direction of migration of the cyclone (e.g., Bengtsson et al.,
2007; Catto et al., 2010). The composites are then calculated by averaging over
the data from subsets of the pillars of data from the individual cyclones. The
mean absolute vertical coordinate is restored by calculating the average LRT
altitude at each location in the new polar spherical coordinate system. In the
case of quasi-horizontal fields in the UTLS like e.g. the potential vorticity on
an isentropic surface Q(© = const.) or the TIL strength N2, (defined as the
maximum in N? within 3 km above the local LRT), the fields are first calculated
for each cyclone before creating a composite. Another method would be to
average primary variables like the temperature 7' and the pressure p at each
grid point in the pillar of data from several cyclones, and calculate secondary
measures like Q(® = const.) or N2,,, afterwards. While both methods achieve
comparable results, the former one preserves more fine scale structure.

4.2 AN EXEMPLARY ANALYSIS OF A SEQUENCE OF CASE STUDIES
4.2.1 Baroclinic life cycle with LC2 characteristics

Around the 14th of October 2014 a surface cyclone evolved over the North
Atlantic, which reached its absolute minimum in MSLP along its track on the
14th at 06 UTC (Fig. 4.2a). Twenty-four hours before that the UTLS flow above
the surface cyclone exhibited a trough of enhanced isentropic potential vorticity
(IPV) air originating from high latitudes, and a downstream ridge of low IPV
air originating from low latitudes and exhibiting a pronounced tropospheric jet
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Figure 4.2: Evolution of an LC2 resembling baroclinic wave breaking event, 24
hours before (first column), at (middle column), and 24 hours after the time of
maximum surface cyclone intensity (last column). a) MSLP (< 1013 hPa solid lines,
> 1013 hPa dashed lines, in steps of 5 hPa). b) Isentropic potential vorticity (IPV)
at @ = 330 K (Q(® = 330 K), in pvu), and horizontal wind speed at 200 hPa (uy,

-1

red solid lines from 45 ms~! in steps of 15 ms™1).

streak (Fig. 4.2b). During the intensification of the surface cyclone, the UTLS
wave entered what Thorncroft et al. (1993) call the cyclonic wrap-up phase,
which in this case meets the definition of an LC2 wave breaking, with the
trough remaining on the cyclonic shear side of the jet streak. During the lysis
stage of the surface cyclone, the UTLS flow maintained a rotational component,
which resulted in an increasing filamentation of the UTLS air masses of different
origin.

On a synoptic to planetary scale and during all three time steps depicted in
Fig. 4.3, the TIL is more pronounced at lower latitudes. As the surface cyclone
intensified and with the progressing wrap-up of ULTS air masses, a pronounced
TIL formed within the anticyclonic flow of the ridge, with N? > 10-10~%s72 at
latitudes up to 60° N (Fig. 4.3a and ¢). The formation of a strong TIL within
the ridge agrees with the assumed role of balanced dynamics (Wirth, 2003;
Erler and Wirth, 2011), together with diabatic modification of the stratification
profile (Kunkel et al., 2016) in regions commonly associated with the outflow
of warm conveyor belts (Madonna et al., 2014).

During the progression of the baroclinic wave, the synoptic scale evolution
of enhanced vertical wind shear near to the tropopause largely matched the
evolution of the TIL (Fig. 4.3b). The ridge featured enhanced values of S?
approximately of the order of magnitude of N2, reaching up to high latitudes as
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Figure 4.3: As in Fig. 4.2, for a different set of UTLS measures. a) Maximum in
static stability within 3 km above the LRT (N2, in s=2). b) Maximum in vertical

shear of the horizontal wind within 1 km vertical distance from the LRT (52, in s72).

c) Relative vorticity at LRT altitude (¢, in s71). d ) Richardson number minimum
within 3 km above the LRT (Rinin)

the wrap-up proceeded and the ridge expanded. The strong vertical wind shear
was partly associated with the jet streak south and eastward of the cyclone
centre. Regions of intense vertical wind shear furthermore emerged within the
wrap-up further northward, indicating a more diverse dynamic structure than
just enhanced wind shear above the jet core.

The regions of strong wind shear were associated with comparatively low
Richardson numbers of the order of O(1) in the otherwise dynamically stable
LMS (Fig. 4.3d). Eventually, during the lysis stage of the surface cyclone, both
N? and S? reverted to lower values usually evident in the background flow at
higher latitudes and remote from the jet stream.
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Figure 4.4: a) Vertical cross section on 14 October 2014, 06 UTC at 18° W. Filled
contour shows vertical shear of the horizontal wind (S2, in s~2), black dotted lines
isentropes (@ in K), grey filled contour indicates static stability N2 > 61074 s72,
blue (red) lines zonal (meridional) wind isotachs (u,v, in ms™!, dashed lines for
negative values). Circle markers indicate LRT altitude (z(LRT) in km). b) Two-
dimensional histogram of N? and S? within 3 km above the LRT, on 14 October
2014, 06 UTC and for the region displayed in Fig. 4.3. Colorbar indicates count of
grid volumes in the respective N 2_52 bin. Black dashed line indicates Ri = 1/4. Red
dashed line see Section 4.2.1

On the mesoscale, the variability of the thermal and dynamic structure at
the tropopause resembled the flow conditions encountered during WISE RF07.
Regions of enhanced static stability and intense vertical wind shear generally
did not co-occur, which is illustrated for an exemplary vertical cross section
at 18° W on 14 October 2014 (Fig. 4.4a). The large scale wind maxima of the
flow around the cyclone centre were associated with enhanced vertical wind
shear closely above the LRT, particularly above the zonal jet streak at 40°-50°
N. The more scattered and less pronounced regions of enhanced vertical wind
shear indicate that S? > 4-107* s72 is not necessarily a jet-bound feature.
Vertical wind shear of S? = 4-10~% s72 over a vertical distance of 500 m (an
estimation based on the results of Chapter 3) equals a wind speed difference of
Auy, = 10 ms~! or less if directional shear is involved. Interestingly, the regions
of strong vertical wind shear and the TIL in Fig. 4.4 are clearly separate, which
indicates the different forcing mechanisms. For the exceptional vertical wind
shear maximum of S? > 12-10~% s72 above the zonal wind maximum, dynamic
stability and thus maintenace of the gradients is ensured through a secondary
maximum in static stability, located below the more coherent N? structure
that would commonly be refered to as the TIL.

The fact that enhanced N2 and enhanced S? generally do not co-occur above
the LRT is further illustrated in Fig. 4.4b. The majority of the grid volumes
within 3 km above the LRT exhibit static stability between the stratospheric
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Figure 4.5: As in Fig. 4.2, for the LC1 resembling baroclinic wave breaking event,
24 hours before (first column), at (middle column), and 24 hours after the time of

maximum surface cyclone intensity.

background N2gpar = 4-107% 572 and moderately enhanced values associ-
ated with the TIL. More infrequent N? maxima reach up to about N? =
14-107% s72. At the same time, weak vertical wind shear S? < 2-107% s72 is
most prevalent. Vertical wind shear and static stability do not correlate, and
enhanced values of S? can be found within the whole spectrum of N? under
the condition that dynamic stability Rz > Ri. is maintained. Particularly the
largest values of N2 and S? do not correlate, which is indicated by the negative
red slope in Fig. 4.4b.

4.2.2  Baroclinic life cycle with LC1 characteristics

About two days after the first wave breaking event, a second one took place
over the North Atlantic which was again associated with a strong surface cy-
clone (Fig. 4.5). Initially, the MSLP featured a double minimum, composed
of the decaying cyclone centre from the LC2 event and a second one which
formed East of Newfoundland. The newly formed surface cyclone migrated
across the Atlantic, and a wave pattern emerged in the UTLS flow, which was
characterised by strongly filamented tropospheric and stratospheric air due to
the presceding wave breaking event. As the surface cyclone intensified and the
trough and ridge entered the wrap-up phase, the jet stream split and the trough
turned anticyclonically, eventually forming an elongated streamer of enhanced
IPV air that stretched down to low latitudes of 30° N. Thorncroft et al. (1993)
characterise such a wave breaking event as an LC1 (life cycle 1).
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Figure 4.6: As in Fig. 4.3, for the LC1 resembling baroclinic wave breaking event,
24 hours before (first column), at (middle column), and 24 hours after the time of

maximum surface cyclone intensity.

The evolution of the TIL and enhanced vertical wind shear at the tropopause
(Fig. 4.6) closely resembled the one during the LC2. The anticyclonic UTLS
flow in the lowermost stratosphere within the ridge was again dominated by en-
hanced values of N? and S? of the same order of magnitude and comparatively
low minimum Richardson numbers, in contrast to the trough which was charac-
terised by low values of N? and S? above the LRT as well as large Richardson
numbers. At the time of maximum surface cyclone intensity, minimum Richard-
son numbers emerged in the vicinity of the jet streak as well as north of the
cyclone centre in the outflow reagion of the ascending air streams within the
ridge. Both lower stratospheric static stability and vertical wind shear again
exhibited a pronounced mesoscale variability. At the last time step depicted,
the TIL reverted to lower values at midlatitudes, while the eastern flank of the
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Figure 4.7: Comparison of the horizontal wind and the geostrophic wind, for the
time of maximum cyclone intensity of the LC1 case study, i.e., 17 October 2014, 18
UTC. a) Zonal wind at 300 hPa (u, in ms™!). b) Geostrophic zonal wind at 300
hPa (ug, in ms™1). ¢) Meridional cross section at 17° W. Vertical wind shear color

coded (S?%, in s72), isentropes black dotted (®, 315 K, 320 K, 330 K, 350 K), LRT
altitude black circle markers, and zonal wind -10 ms~! (blue dashed) and 0 ms~!
respectively 30 ms™! (blue solid) isotachs. d) Thermal wind shear color coded (52,
in s72), and zonal geostrophic wind -10 ms~! (blue dashed) and 0 ms~! respectively

30 ms—! (blue solid) isotachs. Isentropes and LRT as in panel c.
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IPV streamer remained dominated by enhanced wind shear associated with
the jet streak east of the decaying surface cyclone.

At the time of maximum surface cyclone intensity, strong vertical wind shear
above the LRT emerged south of the cyclone centre in the vicinity of the jet
streak. Additionally, regions of strong wind shear were located north of the
cyclone centre, as was the case for the LC2 baroclinic wave. This raises the
question of what casues the enhanced vertical wind shear in this region. Figure
4.7a and b indicate that the geostrophic wind presents a good first order approx-
imation of the synoptic scale flow around the cyclone centre. The geostrophic
wind overestimates the absolute zonal wind speed, in accordance with the fact
that innertial forces of the rotational system are neglected (Holton and Hakim,
2004). Regions of strong vertical wind shear are located south and north of the
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Figure 4.8: As in Fig. 4.2 and Fig. 4.3, for the stratospheric cut-off resulting from
the LC1 resembling baroclinic wave breaking event.

trough, and in each case above and below the LRT. Figure 4.7c and d shows a
comparison of the total wind shear and the thermal wind shear, i.e., the vertical
shear of the geostrophic wind under the assumption of hydrostatic equilibrium.
The regions of strong wind shear below the LRT are overall well represented by
the thermal wind approximation, with an overestimation at the pronounced up-
per tropospheric frontal zone at about 45° N and an underestimation at about
65° N. The isentropes that slope downward into the stratosphere above the
trough also indicate baroclinicity, thus forcing enhanced thermal wind shear
above the LRT north and south of the cyclone centre. In this region, how-
ever, the actual vertical wind shear is significantly underestimated, despite the
overestimation of the geostrophic wind speed. This indicates the significance
of dynamic processes on smaller scales where the assumed approximate equi-
librium between pressure gradient force and Coriolis force no longer applies
(Newton and Persson, 1962).

The formation of the IPV streamer during the lysis stage of the LC1 eventu-
ally resulted in a cut-off of stratospheric air on the @ = 330 K isosurface, with
a surface cyclone evolving underneath (Fig. 4.8). The evolution of the thermal
and dynamic structure in the UTLS again resembled the LC1 and the LC2
wave breaking events, where enhanced N? and S? emerged in the anticyclonic
flow within the wrapped up low IPV air, and low Richardson numbers above
the LRT particularly north of the cyclone centre.

All three of the described cyclones which emerged consecutively over the
North Atlantic exhibited a similar evolution in the UTLS flow features, i.e.,
the synoptic scale trough-ridge dipole structure of enhanced static stability
and enhanced vertical wind shear in the LMS. The point in time of maximum
surface cyclone intensity which was identified through the absolute MSLP min-
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imum along the cyclones tracks proved to be a viable indicator for comparable
stages of the wrap-up in the UTLS flow, and the linked evolution of TIL and
the regions of strong wind shear. These results motivate a further generalised
analysis of the thermal and dynamic structure at the tropopause with respect
to the wave breaking events in the UTLS. This will be addressed through com-
posites of extratropical cyclones over a five year period in the next subsection.

4.3 COMPOSITE ANALYSIS OF UTLS FLOW FEATURES WITHIN EX-
TRATROPICAL CYCLONES

The cyclone tracking algorithm introduced in Section 4.1 identified a sum of 130
surface cyclones in the MSLP field within the North Atlantic storm track region
and during the SON season in the years 2010-2014. These cyclones satisfy the
criteria described in Section 4.1, namely a minimum lifetime of 24 hours with
a MSLP minimum of at least 1007.25 hPa. These criteria are not too exclusive,
which allows the set of tracked cyclones to contain a spectrum from weak to
strong cyclones. The UTLS wave breaking events analysed in Section 4.2 were
associated with rather strong surface cyclones, and weaker MSLP minima can
be expected to exhibit a less pronounced linkage to the UTLS flow. The tracked
cyclones therefore are subdivided into three categories, based on the absolute
MSLP minimum along their tracks: The 76 strong cyclones with MSLP,,;, <
990 hPa, a subset of the 30 very strong cyclones with MSLP,,,;, < 980 hPa, and
the 54 weak cyclones with MSLP,,,;, > 990 hPa. The composite analysis then
focusses on the same UTLS flow features as in Section 4.2, i.e., the distribution
of isentropic potential vorticity, the relative vorticity, that static stability and
the vertical wind shear, and the resulting Richardson number with the goal to
generalise the findings of the case studies.

The composites have been derived following the description in Section 4.1.
Figure 4.9 shows composites of the IPV on the ®@ = 330 K isosurface and the
relative vorticity at LRT altitude for the three subsets of cyclones, with the
composites being comprised of the horizontal fields from the individual cyclones
at the time of maximum surface cyclone intensity. The comparison of the strong
and the very strong cyclones reveals in both cases similar average states of the
UTLS flow at the time of maximum surface cyclone intensity. The air masses of
different meridional origin and with different IPV are wrapped up around the
cyclone centre, and the wind field in the air masses with high IPV amounts to
negative values of relative vorticity due to the horizontal shear induced by the
jet streak (not shown) as well as due to absolute vorticity conservation during
the meridional wave excursion. The wrap-up is overall more pronounced for the
subset of the very strong cyclones. The composite derived from the remaining
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Figure 4.9: Composites of UTLS features derived from subsets of the tracked
cyclones, displayed over a radius of 15° around the cyclone centre at the time
of maximum surface cyclone intensity. Top column for the 76 strong cyclones
with MSLP,,;, < 990 hPa, middle column for the 30 very strong cyclones with
MSLP,,ir, < 980 hPa, and bottom row for the 54 weak cyclones with MSLP,,,;,, > 990
hPa. a) Potential Vorticity at ® = 330 K (Q(® = 330 K), in pvu). b) Relative vor-
ticity at LRT altitude ((per, in s71).

weak cyclones exhibits a wrap-up around the cyclone centre as well, but less
pronounced and with overall weaker gradients.

The quasi-horizontal composites of the TIL strength defined by the max-
imum in N? within 3 km above the local LRT shows a dipole distribution,
with a pronounced TIL within the anticyclonic flow of the low IPV air orig-
inating from lower latitudes (Fig. 4.10a). The mean TIL strength maximises
north/northwest of the cyclone centre, which agrees with the observation from
the case studies in Section 4.2. The flow exhibiting positive relative vorticity
at tropopause altitudes shows a weak TIL strength, in agreement with what is
expected from theoretical considerations as well as idealised baroclinic life cycle
experiments. Still, it is interesting that the surface cyclone intensity predicts
similar upper tropospheric flow conditions leading up to quite comprehensive
composites. The described TIL distribution is evident for all three subsets of
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Figure 4.10: As in Fig. 4.9, for different UTLS features. a) Maximum in static
stability within 3 km above the LRT (N2, in s72). b) Maximum in vertical shear of
the horizontal wind within 1 km vertical distance from the LRT (52, in s72), and d)
relative vorticity at LRT altitude (., in s71).

cyclones, with sharper gradients and a more pronounced trough-ridge dipole
structure for stronger cyclones.

The composite of the maximum in vertical wind shear located in the tropo-
pause region matches the distribution of the TIL strength to a large degree
(Fig. 4.10b), analogous to the situation found in the case studies in Section
4.2. The mean wind shear is most intense in the region where the strongest
TIL emerges, i.e., north/northeast of the cyclone centre. Again, this should
not be interpreted as a co-occurrence of enhanced N? and enhanced S? due
to the dynamic stability criterion. Instead, the analysis reveals a (first of all
horizontal) alignment of the processes that lead to the observed enhancement
of N2 and S2.

Figure 4.11a shows the quasi-horizontal mean of the minimum Richardson
numbers found within 3 km vertical distance from the LRT in the UTLS flow
associated with the 76 strong cyclones. The tendency towards dynamic insta-
bility in the LMS above ridges is apparent, in comparison to the dynamically
stable flow within the troughs. The Richardson numbers in general exhibit a
large variability due to the nonlinear dependency on the wind gradient, which
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Figure 4.11: a) and b): Quasi-horizontal composites derived from the 76 strong
cyclones with MSLP,,;, < 990 hPa. a) Mean and b) median value of the minimum
Richardson numbers within 3 km above the local LRT (Rinn, (-)). ¢) and d): North-
ward aligned vertical cross sections through the cylcone centre, LRT-based average
for the 76 strong cyclones, with mean LRT altitude restored. c¢) Static stability as
filled contour (N2, in s72), isentropes as black dotted (®, in K), LRT altitude as
circle markers (z(LRT), in km), potential vorticity isolines as red dotted (Q = 2 pvu
and @ = 3 pvu), and cloud ice water content as blue dashed lines (CIWC, beginning
at 5-107% kg/kg and in same steps). d) Vertical shear of the horizontal wind as
filled contour (52, in s~2), zonal (meridional) wind component in blue (red), positive
values solid, negative values dashed lines (u and v, in m/s), dashed white contour
N2 =6-10"* s72 isoline, and LRT altitude as in c).

reduces the validity of a mean value. Birner et al. (2002) introduce an adjusted
mean of logarithmic Richardson numbers to counteract the large variability.
The median of the minima in Richardson numbers presents another way to
analyse the average dynamic stability (Fig. 4.11b). A greater part of the ridge
exhibits median values of Ri,;, < 3, indicating that in this region and area-
wide half of the time at least one grid point within 3 km above the local LRT
exhibits a Richardson number of Ri,,;;, < 3. The reduced dynamic stability
is caused by enhanced vertical wind shear, because the definition of the LRT
implicates stable stratification at least within 2 km above the LRT altitude,
and the TIL has been identified to maximise in strength in this region.

Figure 4.11c and d further illustrate the average flow conditions in the UTLS
in vertical cross section composites, aligned in south-north direction through
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the cyclone centre. The wrapped up ridge is evident in the elevated LRT alti-
tudes south and north of the cyclone centre where the trough is located. The
layer of maximum static stability that defines the TIL is most pronounced at
about 5°-10° north of the cyclone centre, and located closely above the LRT.
The upper troposphere in this region is dominated by ascending air and ice
cloud formation reaching up to the tropopause, which agrees with the antici-
pated role of latent heat release as well as radiative forcing at the cloud deck
on the TIL formation (Kunkel et al., 2016).

The average horizontal wind field agrees particularly with the LC1 case study.
The composite exhibits a zonal wind maximum south of the cyclone centre
which is associated with the jet stream, as well as tropospheric easterlies north
of the cyclone centre with a sharp wind reversal above the tropopause. Static
stability N2 and vertical wind shear S? exhibit a similar structure, however,
differences are evident as well. The layer of maximum vertical wind shear in the
composite is located closer to the LRT and closer to the cyclone centre, where
the isentropes slope downward into the stratosphere above the trough. The
comparison between the observed wind shear and the thermal wind shear in
Section 4.2.2 showed that the vertical gradient of the geostrophic wind under-
estimates the observed S? structure above the LRT, indicating the importance
of sub-synoptic scale processes. The regions of enhanced N? and S? emerge
north and northeast of the cyclone centre, in the outflow region of large scale
ascending air streams like warm and cold conveyor belts. Enhanced gravity
wave activity associated with cloud formation and tropopause gravity wave
interaction could contribute to the observed enhancement in static stability
and/or wind shear. This could include resolved gravity waves in the model,
parametrised gravity wave drag, and residual gradients of gravity wave mean
flow interaction in observational data assimilated in the IF'S analysis.

4.4 SUMMARY

Chapter 3 described the occurrence of a layer of strong vertical wind shear
above the tropopause, within ridges of baroclinic waves that were surveyed
during the WISE airborne measurement campaign. The wind shear maximum
appeared to be closely linked to the evolution of a pronounced TIL above the
ridges, and the analysis of in situ measured trace gas mixing ratios revealed
shear induced turbulent mixing around and within the TIL. Chapter 4 aimed at
a more generalised analysis of the relation between the TIL and strong vertical
wind shear during baroclinic life cycles. The central question adressed was the
following;:
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o Does the TIL exhibit similar evolution stages during individual baroclinic
life cycles, how do they relate to the evolution of the wind field, and what
are consequences for the dynamic stability particularly in the tropopause
region?

The case studies of a sequence of wave breaking events, with the first resem-
bling an LC2 and the second an LC1 wave breaking (Thorncroft et al., 1993),
showed exemplarily how both the layer of strong vertical wind shear and the
layer of enhanced stratification emerge above the LRT of the ridge, as the air
masses of different meridional origin and isentropic potential vorticity wrap up
cyclonically around the underlaying surface cyclone centre. The point in time
of maximum surface cyclone intensity measured by the MSLP minimum along
the cyclone tracks proved to be a viable indicator for comparable evolution
stages of the wave breaking process in the UTLS flow. Around this time, the
flow exhibits a pronounced rotational component around its axis which reaches
from the surface cyclone centre up to the tropopause, with strong tropospheric
westerlies to the south and easterlies in the north. This results in a wrap-up of
the upper tropospheric ridge around the cyclone centre. The LC1 wave break-
ing eventually resulted in a cut-off of stratospheric IPV at low latitudes, which
superimposed with a surface cyclone. This cyclonic system showed similar char-
acterstics in the UTLS compared to the LC1 and LC2, particularly concerning
N? and S? at the time of maximum surface cylcone intensity.

The identification of a common evolution stage based on the minimum of the
MSL pressure allowed the preparation of comprehensive composites of UTLS
features from 130 cyclones which were tracked for the time period SON 2010-
2014. These composites confirmed the representativity of the case studies, par-
ticularly the features identified in the UTLS. Therfore, in the following the
summary generally refers to both the case studies and the composite analysis.

Overall, the key results of the cyclone tracking and composite analysis are
as follows:

o During baroclinic life cycles, the TIL evolves as predicted from idealised
numerical simulations and thus according to the forcing mechanisms iden-
tified in these studies (Wirth, 2004; Kunkel et al., 2014; Kunkel et al.,
2016). The TIL evolution of individual baroclinic life cycles furthermore
exhibits a common evolution stage at the time of maximum surface cy-
clone intensity. During this stage, the upper tropospheric part of the ridge,
which is characterised by large IPV, reaches far northward where it ex-
hibits a pronounced TIL particularly north and northeast of the cylcone
centre. These regions are associated with the upper tropospheric outflow
of large scale ascending air streams like warm conveyor belts, indicating
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the importance of cloud-related diabatic modification of the temperature
profile for the formation of the TIL.

o A layer of strong vertical wind shear emerges above the LRT and largely
matches the synoptic scale evolution of the TIL, particularly at the time
of maximum surface cyclone intensity. Although these regions of strong
vertical wind shear are located in regions of enhanced baroclinicity, it
was shown exemplarily for the LC1 wave breaking event that the verti-
cal wind gradients can only partly be explained with the thermal wind
relation. This agrees with earlier observations and theoretical considera-
tions on the importance of inertial forces at smaller scales and thus larger
Rossby numbers (Newton and Persson, 1962) where the assumption of
geostrophic equilibrium does not apply (Holton and Hakim, 2004). In
Chapter 3 the variability of S? was at least partly attributed to gravity
wave perturbation of the flow in the UTLS (compare also (Kunkel et al.,
2014)). Localised mesoscale flow deformation, convergence, and differen-
tial temperature advection can furthermore result in enhancement of the
vertical wind gradient (Ellrod and Knapp, 1992).

« Enhanced N? and enhanced vertical wind shear S? generally do not co-
occur due to the pronounced horizontal mesoscale variability of both
features. This indicates the different forcing mechanisms, and particuarly
the processes that force the strong wind shear need further investigation.
The maximum in vertical wind shear occurs on average below the TIL,
and thus closer to the tropopause.

e The regions of strong wind shear above the tropopause are associated
with reduced Richardson numbers of the order of O(1). This indicates
the potential for dynamic instability and turbulent mixing under the
assumption of further localised wind gradient sharpening, e.g. due to
non-resolved small scale wave perturbations, as it was identified for the
case studies in Chapter 3.

The implications of the results presented are as follows. Baroclinic waves
dominate the large scale flow in the midlatitudes, and play a crucial role con-
cerning the occurrence of cross-isentropic diabatic exchange of air between the
troposphere and the stratosphere. The diabatic processes that lead to a mate-
rial change of PV are turbulence below and above the jet stream (Danielsen,
1968; Shapiro, 1980; Whiteway et al., 2004; Duck and Whiteway, 2005; Trier
et al., 2020), radiative forcing particularly above cloud decks (Zierl and Wirth,
1997), cloud formation and latent heat release (Gray, 2006), and convective
injection (Homeyer et al., 2014). Turbulence has been identified to contribute
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significantly to the overall STE budget particularly within baroclinic waves
(Spreitzer et al., 2019). Generally, the cyclonic shear side of the jet, which is
characterised by low tropopause altitudes and the formation of stratospheric
intrusions, is considered the dominating region for turbulent STE. The anticy-
clonic shear side of the jet, i.e. the ridges of barolinic waves have gained less
attention in this context. This is justified by the deeper chemical transition
between the troposphere and the stratosphere within troughs, which is ciom-
monly associated with a weaker stratification in this region, and thus, a weaker
transport barrier (Pan et al., 2007).

The composite analysis of baroclinic waves over the North Atlantic showed
that ridges are associated with the occurrence of strong wind shear and an
increased potential for dynamic instability above the LRT. In this context, it
is crucial to factor in the temporal and spatial evolution of baroclinic waves on
a spectrum of scales. The point in time of maximum surface cyclone intensity is
associated with a synoptic scale co-occurrence of the TIL and a layer of strong
vertical wind shear, particularly at high latitudes. The mesoscale variabilty of
N? and S? has significant implications for the dynamic stability in the LMS,
resulting in an enhanced potential for the occurrence of dynamic instability
and turbulent mixing in the region where a pronounced TIL evolves. These
flow conditions are met frequently and over large areas within the ridge. This
result further hints towards a possible significant contribution of scattered but
frequent small scale turbulent mixing on the formation and maintenance of
the ExTL, particularly at comparatively large potential temperatures within
ridges of baroclinic waves.

Research on the STE budget commonly relies on the representation of the
thermal and dynamic UTLS stucture in numerical models, as well as a realistic
parametrisation of the non-resolved diabatic processes that result in STE (e.g.,
Sprenger and Wernli, 2003; Fueglistaler et al., 2004; Berthet et al., 2007; Hoor et
al., 2010; Konopka and Pan, 2012). Therefore, it is often stated that the results
from these studies first of all apply to the respective 'model world’. Recently,
Spreitzer et al. (2019) showed the significance of shear induced turbulent PV
modification in the tropopause region above ridges, based on a current version
of the IFS, and thus, a state of the art representation of the atmosphere. The
analysis presented in this chapter confirms that the horizontal as well as the
vertical resolution is crucial for a realistic representation of the thermal and
dynamic structure in the UTLS, due to the identified mesoscale variability of
N? and S? as well as the layered structure of these features.



A 10 YEAR NORTHERN HEMISPHERE CLIMATOLOGY
OF THE TROPOPAUSE WIND SHEAR LAYER

The composite analysis of baroclinic waves in Chapter 4 showed the system-
atic occurrence of strong vertical wind shear in a sharply defined layer that is
located in close vicinity above the LRT. Conceptually, this agrees with the en-
hanced static stability in the stratosphere compared to the troposphere which
can sustain dynamic stability and thus, the wind gradients. Furthermore, the
regions of enhanced baroclinicity at upper level fronts within the waves are
associated with enhanced thermal wind shear forcing. However, for the exem-
plary case study in Chapter 4.2 it was shown that the thermal wind relation
does not represent all regions of strong wind shear, which agrees with earlier
findings by Newton and Persson (1962) and indicates the importance of inertial
forces and sub-synoptic scale processes.

Strong vertical wind shear at the tropopause has been identified in a vari-
ety of research studies, based on radiosonde data (Birner et al., 2002; Birner,
2006; Zhang et al., 2015, 2019), mesosphere-stratosphere-troposphere (MST)
radar measurements (Vasantha et al., 2002), GPS radio occultation (GPS-RO)
profiles (Sunilkumar et al., 2015), and at several locations mainly on the north-
ern hemisphere. The vertical wind shear signal in certain regions has been
attributed to to planetary circulation features, e.g., the PFJ and the STJ in
the extratropics (Birner, 2006), or the TEJ in the tropics (Sunilkumar et al.,
2015). The strong vertical wind shear at the tropopause has been discussed in
the context of enhanced baroclinicity and thermal wind shear forcing (Birner,
2006), gravity wave tropopause interaction (Kunkel et al., 2014; Zhang et al.,
2015, 2019), and the general concept that exceptional wind shear can occur
where enhanced static stability can maintain the shear forces (Liu, 2017).

Several research studies on strong vertical wind shear at the tropopause make
use of tropopause-relative vertical averages to disregard the tropopause vari-
ability, since the magnitude of S? exhibits a pronounced variability, and thus lo-
calised maxima are likely smoothed out in conventional averages. Early research
on enhanced vertical wind shear by Dvoskin and Sissenwine (1958) as well as
the more recent study on turbulence indicators at the tropical tropopause by
Sunilkumar et al. (2015) analysed vertical occurrence frequency distributions
for certain threshold values of S2. This approach can be advantageous, because
e.g. a zonal and/or temporal average over the trough-ridge dipole structure of
baroclinic waves can result in a mean vertical profile of S? (or N?) close to the
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background state. The vertical occurrence frequency distribution of a threshold
retains the information on the occurrence of exceptional signals in the analysed
quantity.

The following Chapter presents a comprehensive approach towards an analy-
sis of strong vertical wind shear in the tropopause region, to expand the results
of preceding research studies on that matter, as well as the results from Chap-
ter 3 and 4. Throughout the introduction and the analysis sections of this
thesis it was motivated to further analyse the temperature- and dynamic struc-
ture of the UTLS in state of the art numerical model representations of the
atmosphere, because of the significance of processes on spatial scales that have
previously not been well resolved in numerical models. The ongoing research
on this topic aims towards a general better understanding of the tropopause
region, and ultimately the processes that influence the separation efficiency of
the tropopause as a conceptual transport barrier. Thus, the central question
approached is the following:

o How does the occurrence of strong vertical wind shear relate to the plane-
tary circulation; what are the forcing mechanisms for the wind shear; and
what are possible consequences for cross tropopause transport?

These questions are addressed using ten years of daily northern hemispheric
ERADS fields to compile a climatology of the occurrence of strong vertical wind
shear. The Chapter is structured as follows. First, the data set and the handling
of the data is briefly reviewed. Second, the general approach and the metrics
are introduced on the basis of a single day analysis. Third, an analysis of the
vertical and geographic distribution of the occurrence of strong vertical wind
shear in the ten year data set is presented.

Parts of this chapter have been included in a research study that is currently
under revision in Weather and Climate Dynamics (Kaluza et al., 2021).

5.1 THE ERAD REANALYSIS AND DATA HANDLING

The analysis presented in this chapter is based on ten years of daily northern
hemispheric ERA5 fields (Hersbach et al., 2020), for the period of 1 January
2008 to 31 December 2017. The daily model output is for the time of 00 UTC,
and the data is handled on the native vertical hybrid sigma-pressure level, as
well as on a regular 0.25° latitude-longitude grid. In the vertical, the data
set is reduced to the region from 1.5 km above the orography up to level 37
(counting from level 1 at 1 Pa atmospheric pressure towards the surface), which
corresponds to an altitude of about 25 km. Thus, the analysis focusses on the
UTLS region and the planetary boundary layer is excluded, as well as the region



5.2 EXEMPLARY SINGLE DAY ANALYSIS, 11 SEPTEMBER 2017

Figure 5.1: Synoptic situation on 11 September 2017, 00 UTC over the northern
hemisphere. Color contour shows potential temperature at the LRT (®@(LRT), in
K), black lines isotachs of the horizontal wind at 200 hPa (from 30 ms™! in steps
of 15 ms™!). Magenta shaded areas indicate regions with S? > S? between 1 km
below and 2 km above the local LRT. Dashed white lines indicate the location of the
vertical cross-sections in Fig. 5.2.

of the mesosphere-lower thermosphere (MLT) which is frequently exposed to
exceptional wind shear (e.g., Liu, 2017).

5.2 IDENTIFICATION OF A TROPOPAUSE WIND SHEAR LAYER ON
11 SEPTEMBER 2017

The introductory single day analysis in this section focusses on the large scale
flow on the northern hemisphere on 11 September 2017 (Fig. 5.1). The potential
temperature @ at the LRT exhibits a pronounced meridional gradient, from
values of about 380 K at low latitudes to significantly lower values of about 320
K in the polar region. The transition is characterised by a tropopause break in
the extratropics, which is sharply defined over the Asian continent and more
gradual in other regions, particularly where the flow is disturbed by baroclinic
wave activity. The horizontal wind at 200 hPa indicates several jet maxima,
i.e., the STJ above the Asian continent at the sharp tropopause break, and
individual jet streaks of the PFJ within baroclinic waves at different evolution
stages.

The vertical cross sections displayed in Fig. 5.2 further illustrate the strength
and location of the jet streams, particularly in relation to the LRT. At 120°
W a pronounced PFJ streak is situated at the upper level front of the ridge of
a baroclinic wave. The vertical wind shear maximises at the upper edge of the
downward sloping tropopause at potential temperatures of about 350 K. At
60° W two distinct westwind maxima are apparent, which can be interpreted
as the jet exit region of the STJ and the entry region of a jet streak of the
PFJ. Strong vertical wind shear S? > S? emerges over large areas in close
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Figure 5.2: Vertical cross section at the latitudes indicated in Fig. 5.1, i.e., a) 120°
W, b) 60° W, and c) 100° E. Color contour shows zonal wind speed (u, in ms™!), and
magenta contour indicates region of S? > 4-107% s~2. Black circle markers indicate
LRT altitude, and black dotted lines isolines of the potential temperature (@, in K).

vicinity of the pertubed tropopause, as well as below the tropopause between
the two jet maxima. The wind maximum at 100° E that is centred at about
40° N is associated with the STJ, and here the wind shear does not exceed
S? = 4.107* s72. Strong vertical wind shear is located above the elevated
LRT at high latitudes associated with a breaking baroclinic wave, and thus in
agreement with the results from Chapter 4. The tropical upper tropospheric
easterlies furthermore exhibit a region of S? > 4-10~% s72 closely above the
LRT.

In the three cross sections displayed, the occurrence of strong wind shear
S%2 > 4.107% 572 is mostly limited to the region within a few kilometer dis-
tance from the LRT. The threshold S? = 4-10~* s=2 was previously defined
and motivated in Chapter 3, and is taken up again in the further course of
this analysis. Figure 5.3 shows the zonal occurrence frequency distribution of
52 > S? for the whole northern hemisphere, to analyse the representativity of
the cross sections in Fig. 5.2. Strong vertical wind shear is apparent throughout
the UTLS, reaching from the tropics down to high latitudes north of 60° N.
The rearrangement of the grid volumes which exhibit S? > S? into a vertical
coordiate system that is based on the distance from LRT reduces the verti-
cal spread of the distribution, and indicates pronounced occurrence frequency
maxima in a layer of 1-2 km vertical extent located directly above the LRT.
Secondary maxima are apparent below the LRT in the tropics as well as in
the extratropics. Thus, the occurrence of strong vertical wind shear S? > S?
is largely limited to the tropopause region.

Returning to the initial point of the analysis, the northern hemispheric geo-
graphic distribution of $? > S? within 1 km below and 2 km above the local
LRT on 11 September 2017 is indicated in Fig. 5.1. At high latitudes, strong
vertical wind shear emerges at the tropopause above the jet streaks and within
the ridges of baroclinic waves at different evolution stages. At lower latitudes,
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Figure 5.3: Relative occurrence frequency of S? > S?, zonally averaged over the
northern hemisphere on 11 September 2017, at 00 UTC. Logarithmic occurrence
frequency contour. Data vertically binned in dz = 500 m. a) Absolute height distri-
bution. Dashed black line indicates the effect of the 1.5 km above orography cut-off.
b) LRT-relative vertical coordinates. Dashed black line shows LRT altitude. c) As
in b) with the average LRT altitude of the vertical profiles with S? > S? restored.

the STJ features strong vertical wind shear at the tropopause, although not
area-wide. In the tropics, large areas of the tropopause region are exposed to
strong vertical wind shear, particularly over the Indian ocean and the East Pa-
cific which can be attributed to upper tropospheric easterlies in these regions.
Several smaller scale regions of strong vertical wind shear are associated with
individual wind systems, like the late stage ex-hurricane Irma over Florida, or
the stratospheric cut-off over the Mediterranean Sea.

In summary, the analysis indicated that the occurrence of strong vertical
wind shear above the threshold S7 = 4-107% s72 is largely limited to the
tropopause region, and that it can be associated with individual features of
the planetary circulation. This is the intial point for the following analysis of
ten years of ERA5 data.

5.3 TEN YEAR CLIMATOLOGY OF STRONG VERTICAL WIND SHEAR
IN THE UTLS

The analysis on the vertical and meridional distribution of strong vertical wind
shear in the northern hemisphere is repeated for the whole ten year data set
(Fig. 5.4). The occurrence frequency distribution agrees well with the single
day analysis. Figure 5.4a shows the 10 year temporal and zonally averaged oc-
currence frequency distribution for S? > S? with the geometric altitude as the
vertical coordinate, along with the mean LRT altitude. Occurrence frequency
maxima are apparent in the midlatitudes, at the tropopause break above and
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Figure 5.4: Northern hemispheric occurrence frequency distribution of grid vol-
umes that exhibit strong vertical wind shear $? > S?, from 1 January 2008 to 31
December 2017. Logarithmic frequency contour, vertically binned with dz = 500 m.
a) Geometric altitude as the vertical coordinate. Solid bold black line indicates mean
LRT altitude for all 10 years and the whole northern hemisphere. Dashed thin black
line indicates the effect of the 1.5 km above orography cut-off. White solid (dotted)
line indicates regions where negative (positive) vertical wind shear makes for 75 %
of the counts. b) As in panel a, with LRT-relative vertical coordinate and with mean
LRT altitude for profiles with S? > S? restored (dashed bold black line). Solid bold
black line as in panel a. ¢) As in panel b but from 0° — 20° N with the cold point
tropopause (CPT) as a reference altitude, and north of 20° N with the dynamic
tropopause (@ = 2 pvu) as a reference altitude.

below the tropopause, and in the tropics. Rearranging the grid volumes in a
vertical coordinate based on the distance from the mean LRT altitude (Fig.
5.4b) concentrates the occurrence frequency maxima in a distinct layer above
the LRT. This layer reaches from the tropics to latitudes north of 60° N with
occurrence frequencies of the order of 1 — 10 % over a vertical extent of 1 — 2 km.
In the following, the layer of maximum occurrence frequency above the LRT
will be referred to as the tropopause shear layer (TSL), borrowing the phras-
ing from the tropopause inversion layer (TIL). However, it should be kept in
mind that the metric applied here is different, since the TIL is commonly de-
fined based on the N? maximum above the LRT in tropopause-relative mean
profiles.

The tropopopause shear layer (TSL) exhibits maximum occurrence frequen-
cies for S? > S? in the tropics, where it is characterised mainly by decreasing
winds with altitude. Above the TSL, the occurrence of strong vertical wind
shear involves positive and negative vertical wind gradients, which is linked to
the phase of the quasi-biennial oscillation and the elevation of the level of van-
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Figure 5.5: Schematical vertical cross section of the tropopause-based averaging
method. Left part shows exemplary situation at the tropopause break, right part
the key measures after tropopause-based averaging. Black lines indicate the LRT,
grey lines the dynamic tropopause. Blue lines show isotachs, and the yellow and blue
regions indicate regions of enhanced vertical wind shear above and below the jet
core.

ishing horizontal wind. A distinct secondary occurrence frequency maximum
for S2 > S? is apparent below the LRT.

At the tropopause break which is located at latitudes of about 30° — 40°
N, the TSL is composed more evenly of both positive and negative vertical
wind gradients, compared to the remainder of the TSL. This is due to the
contribution of decreasing winds with height at the southern upper edge of the
tropopause break, as well as increasing winds at its northern lower edge. The
large vertical spread of enhanced occurrence frequencies above and below the
tropopause break is at least partly explicable with the averaging effect that
is illustrated in Fig. 5.5. PV streamers that occur at the lower edge of the
tropopause break (Skerlak et al., 2015) are associated with upper level fronts
and thus, enhanced wind shear forcing. The PV streamers exhibit a static
stability that can sustain dynamic stability for S? > S?, however, they do
not meet the LRT definition and thus, the LRT is identified several kilometers
above the region of strong wind shear. The tropopause based averaging method
then shifts the grid volumes with 52 > 5,52 towards lower altitudes along with
the mean LRT altitude that is located somewhere between the upper and the
lower edge, due to the overall variability like the meridional meandering motion
of the tropopause break. The equivalent effect applies at the upper edge of the
tropopause break when regions of strong wind shear reach into the stratosphere
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at the upper edge of the LMS. Thus, the distance between the occurrence
frequency maximum and the LRT of the order of 5 km is correct, however,
strong vertical wind shear does not occur frequently at altitudes above 20 km.

In the midlatitudes and north of about 45° N, the TSL is associated with
above average LRT altitudes. The zonal mean LRT altitude of vertical profiles
that exhibit S? > S? is located about 1 km above the overal zonally averaged
LRT altitude. This indicates the importance of ridges of baroclinic waves, in
agreement with the results from Chapter 4.

Figure 5.4b indicates that the occurrence of strong vertical wind shear S? >
S2 is closely linked to the stratification criterion that defines the LRT. This
agrees with the assumed role of thermal wind shear forcing at upper tropo-
spheric fronts, as well as the dynamic stability restriction which states that
wind shear larger than S? generally can not be maintained in the troposphere.
However, the overall link between the tropopause definition and the occurence
of strong vertical wind shear remains to quantified. Therefore, the analysis is
repeated in vertical coordinates based on other common tropopause definitions,
i.e., the cold point tropopause (CPT) in the tropics and the Q = 2 pvu dy-
namic tropopause in the extratropics (Fig. 5.4c). In the tropics the LRT and
the CTP are distinctly separated (Seidel et al., 2001), which motivates the com-
parison in this region. The PV on the other hand does not constitute a usefull
definition of a dynamic tropopause in the tropics (Holton, 1995). Therefore,
the analysis relative to the dynamic tropopause is limited to the extratropics.
Figure 5.4c¢ indicates that the ERAS reanalysis resolves the separation of the
LRT and the CPT, as well as the increasing distance between the tropopauses
towards higher latitudes (Seidel et al., 2001). The occurrence frequency for
5% > S? is more evenly distributed above and below the CPT compared to
the LRT, which indicates that strong vertical wind shear in the tropics is more
closely linked to the LRT. In the extratropics, the analysis relative to the dy-
namic tropopause (Fig. 5.4c north of 20° N) results in a similar distribution
compared to the LRT. However, the layer of maximum occcurrence frequencies
above the dynamic tropopause is less sharply defined, particuarly above the
tropopause break at about 30° N, where the spread is significantly enhanced.
This is due to the fact that the dynamic tropopause is identified systematically
below the LRT in this region, thus, assigning PV streamers and the associ-
ated regions of strong wind shear to the stratosphere. This results in a larger
amount of grid volumes which are shifted upwards during the averaging process.
In conclusion, the comparison of the averaging method in vertical coordinates
relative to the different tropopause definitions reveals that the occurrence of
strong wind shear is (not generally but in the overall mean) more closely linked
to the LRT compared to the dynamic tropopause and the CPT.
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Figure 5.6: Occurrence frequency distribution of S? > S? between 1 km below and
2 km above the local LRT and in the northern hemisphere. Averaged over 10 years

from 2008 to 2017 for a) DJF, b) MAM, ¢) JJA and d) SON. Red solid lines indicate
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isolines of the horizontal wind at 200 hPa, starting at 30 m s~ in steps of 30 m s™".

The geographic occurrence frequency distribution of strong vertical wind
shear close to the LRT is shown in Fig. 5.6. A distinct separation of occurrence
frequency maxima is apparent throughout all seasons. In the midlatitudes, the
tropopause is frequently exposed to S? > S? in the storm track regions above
the North Atlantic and the Northeast Pacific (Shaw et al., 2016). The occur-
rence frequencies maximise at values of 25 — 30 % during winter, and decrease
by 5 — 10 % during the summer months where the geographic spread is reduced
as well.

At lower latitudes, the occurrence of S? > S? at the tropopause is linked to
the STJ over the Asian continent. The strength of the occurrence frequency
maximum agrees with the seasonality of the jet stream, and maximises during
winter at values of up to 45 %.
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The tropics feature several maxima that span around the equator. During
summer, an exceptionally pronounced occurrence frequency maximum is ap-
parent over the Indian Ocean, with values up to 75 %. It is associated with the
emergence of the TEJ as an inherent part of the Asian summer Monsoon circu-
lation. During winter, the occurrence frequency maximum shifts eastwards over
the maritime continent, where it exhibits a reduced horizontal spread as well
as slightly reduced maximum occurrence frequencies compared to the summer
months. The occurrence of strong wind shear above the maritime continent
during winter is closely linked to the El Nino Southern Oscillation (ENSO)
ocean—atmosphere coupling, which will be further adressed in Section 5.3.3.

The following subsections further analyse the individual occurrence frequency
maxima for S2 > Stz in the context of the associated planetary circulation fea-
tures, beginning at high latitudes and progressing towards the equator.

5.3.1 The relation between baroclinic Rossby waves in the midlatitudes and
strong wind shear at the tropopause

In the midlatitudes, the occurrence of strong vertical wind shear in the tropopause
region is linked to baroclinic waves and the associated jet streaks. Figure 5.4a
revealed above-average LRT altitudes for profiles that exhibit S? > S?, and
Chapter 4 identified strong vertical wind shear above the tropopause particu-
larly within ridges of breaking baroclinic waves. The following analysis focusses
on this link between the tropopause altitude and the occurrence frequency max-
ima of S2 > St2 in the North Atlantic and North Pacific storm track region.

First, two zonal regions are defined, one which encompasses the occurrence
frequency maximum over the North Atlantic, i.e., 80° — 0° W, and one over
the Northeast Pacific, i.e., 180° — 120° W. The latter selection was made in
such a way to exclude the STJ maximum, although, a clear separation is not
allways achieved, which will become apparent later on. The analysis now makes
use of the conservation property of the potential vorticity under adiabatic and
frictionless flow conditions (Hoskins, 1991), which is a valid first order approx-
imation for synoptic scale flow. Thus, the meridional excursion of air masses
can be identified based on anomalies of the potential temperature on the 2 pvu
surface @(Q = 2 pvu) relative to an unperturbed background state. Ridges
of baroclinic waves are associated with a poleward excursion of subtropical
air masses and therefore with positive @(Q = 2 pvu) anomalies, and troughs
analogously with polar/subpolar air masses that reach equatorwards, with the
2 pvu surface on comparatively low potential temperatures.

In the following, the unperturbed background state is defined as the ten
year zonal and temporal average of the dynamic tropopause, i.e., the potential
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Figure 5.7: a) and b): Seasonal ten year temporally and zonally averaged dynamic

tropopause potential temperature (©(Q = 2 pvu), in K). ¢) and d): Seasonal ten year
temporally and zonally averaged LRT potential temperature (@(LRT), in K). Solid
lines show mean values, dashed lines interannual standard deviation. Left column

North Atlantic region (80° W-0° W). Right column Northeast Pacific region (180°

W-120° W). Red dot in a indicates @(Q = 2 pvu) which Fig. 5.8 is referring to.

temperature on the 2 pvu surface @(Q = 2 pvu), for each region and season
individually. This is illustrated in Fig. 5.7a and b. As expected, the dynamic
tropopause decreases from comparatively large potential temperatures of about
360 — 380 K at low latitudes down to potential temperatures between 300 — 320
K in the polar region. The meridional gradient ist most pronounced during
winter and spring. The region between 35° N —60° N is selected, to focus again
on the occurrence frequency maxima in the storm track regions which are
located within these latitudes. The interannual standard deviation of @(Q =
2 pvu) is generally low in this region, which indicates that ©(Q = 2 pvu)
defines a representative background state for each of the ten years.

The merdional progression and the seasonality of the zonally and temporally
averaged potential temperature at the LRT (Fig. 5.7¢c and d) compares well
with ©(Q = 2 pvu). The comparison is presented to illustrate the link between
the two tropopause definitions, because both are included in the analysis. The
occurrence of S2 > 5,52 is analysed based on the distance from the LRT, because
according to the results from Chapter 1.3 the increase in static stability at the
LRT and strong vertical wind shear are closely linked. The meridional excursion

83



A 10 YEAR SHEAR LAYER CLIMATOLOGY

35 MAM, 50°N, Pacific (180°W-120°W)

70

3.0 A 60
P - \/v

2.01

50

r40

%
%

1.5 - | RN R, - 130
1.01 120

0.5 - AR ESRERRRRER ARRRRRRRE - 110

0.0

300 320 340
O(Q =2 pvu) (K)

Figure 5.8: Occurrence frequency of S? > S? within 1 km below and 2 km above
the LRT, depending on ©(Q = 2 pvu). Blue histogram shows occurrence frequency
distribution of ®(Q = 2 pvu) at 50° N during MAM 2008 — 2017 and averaged
over 180° —120° W. @(Q = 2 pvu) in 1 K bins. Dashed black line shows mean
value @(Q = 2 pvu) = 316.4 K (red dot in Fig. 5.6b). Solid black line shows
occurrence frequency for S? > S? in 1 km vertical distance from the LRT within the
©(Q = 2 pvu) bins.

of UTLS air masses within baroclinic waves is identified on the basis of the
dynamic tropopause, because of the conservation property of the PV.

The central step of the analysis is the calculation of instanatneous deviations
of ®(Q = 2 pvu) from the previously defined background state, for each region
and season and for all ten years. Figure 5.8 shows the results from this analysis
step exemplarily at 50° N over the Northeast Pacific and during MAM. The
O(Q = 2 pvu) values exhibit a unimodal distribution around the ten year aver-
age background value of @(Q = 2 pvu) = 316.4 K. Strong vertical wind shear
S% > S? at the tropopause however occurs almost exclusively at above-average
potential temperatures. The occurrence frequencies for S? > S? increase up
to about 50 % for the largest apparent potential temperatures of the dynamic
tropopause.

The analysis is now applied for the whole meridional subsection from 35° —
60° N, over the North Atlantic and the Northeast Pacific region and for all
seasons. The result is displayed in Fig. 5.9 where the mean value of the potential
temperature ©(Q = 2 pvu) has been substracted at each latitude bin of 0.25°:

AO(Q =2 pvu) = O(Q =2 pvu) — O(Q = 2 pvu). (12)

The analysis puts the result of Fig. 5.8 into a larger context, and reveals that
strong vertical wind shear is generally associated with above-average potential
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Figure 5.9: Occurrence frequency of A®@(Q = 2 pvu) deviations from O(Q =
2 pvu) as in Fig. 5.8¢c, with meridional dependency. Dashed (solid) red lines indicate
occurrence frequencies isolines, beginning at 0.5 % (1.0 %) and in steps of 1.0 %.
Colour contour shows occurrence frequency for S? > S? between 1 km below and 2
km above the LRT within the ®(Q = 2 pvu) bins. a) to d) DJF MAM JJA SON
over the North Atlantic region. e) to h) Same for the Northeast Pacific region. Blue
dashed line in f) indicates location of Fig. 5.8.

temperature at the () = 2 pvu surface, and thus primarily ridges of baro-
clinic waves. The occurrence frequencies for S? > S? increase with increasing
A®(Q = 2 pvu) and at higher latitudes, with peak values of about 50 % at
50° N and A@(Q = 2 pvu) = 20 K.

The connection between strong wind shear, positive A®(Q = 2 pvu), and
the meridional location that has been identified for MAM over the Northeast
Pacific is evident for all seasons and in both regions. The overall occurrence
frequencies for S? > S? peak during DJF and decrease towards summer, along
with a northward shift. Over the Northeast Pacific, the influence of the STJ
is apparent, particularly during DJF, where the STJ is most pronounced (Fig.
5.9e). The jet causes a bimodal distribution of A@(Q = 2 pvu) at low latitudes,
due to occasional northward excursions the STJ into the region of interest,
along with the subtropical tropopause break. This results in the secondary
maximum of @(Q = 2 pvu) associated with the upper edge of the tropopause
break, and shifts the overall average towards larger values of @(Q = 2 pvu).

The case studies from Chapter 3 are now briefly put into context of the
climatology on the occurrence of strong vertical wind shear within ridges of
baroclinic waves. The underlying idea is to estimate the representativity of the
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Figure 5.10: a) Black solid contour lines indicate occurrence frequencies for S? >
S% in 1 km vertical distance from the LRT, for SON and over the North Atlantic.
Contour lines start at 5 % and progress in steps of 5 % (compare Fig. 5.9d). Circle
markers show overlay of measurements from the WISE campaign in the A®(Q =
2 pvu)-Latitude space, at reduced frequency for reasons of clarity. Black markers
indicate the flight leg from 14:36 to 14:54 UTC during WISE RF07. Red (blue)
markers indicate measurements from all WISE flights in regions with occurrence
frequencies for S? > S? larger than (smaller than) 15 %, that were performed within
30 K vertical distance above the tropopause. The 15 % contour is higlighted in
magenta. Histograms indicate the relative distribution of measurements performed
within each A©®(Q = 2 pvu)-bin, respectively each latitude bin. b) NoO-CO tracer-
tracer correlation for the flight data displayed in panel a. The descent at 11:55 UTC
during WISE RF12 is indicated in white circle markers (These measurements were
performed north of 60° N, and thus beyond the range of panel a.

synoptic situations investigated during the research flights, particularly the case
studies WISE RF07 and RF12, in the context of the wind shear statistics which
were derived in this Chapter. During WISE RF07, a layer of strong vertical
wind shear was crossed at latitudes north of 55° N during SON over the North
Atlantic, in a region where the () = 2 pvu dynamic tropopause was located
at potential temperatures of about 335 K. This is equivalent to a A@(Q =
2 pvu) = 13 K deviation from the 10 year background SON average of @(Q =
2 pvu) = 322.3 K (Fig. 5.7a). According to the analysis presented in Section
5.3.1, the occurrence frequency for strong vertical wind shear in this region
amounts to about 25 %. This is indicated in Fig. 5.10a. The flight leg during
WISE RF07 where turbulent mixing was identified is indicated as an overlay
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in the A@(Q = 2 pvu)-Latitude space diagram for SON over the Atlantic
(compare Fig. 5.9d). Furthermore, the flight legs from all WISE flights that
were located within 30 K potential temperature distance above the tropopause
are displayed. The majority of the flight legs closely above the tropopause
are located at high latitudes north of 45° N and at above-average dynamic
tropopause potential temperatures. This agrees with the central objectives of
the WISE campaign, i.e., the investigation of the relation between the ExTL
and the TIL in regions where a strong TIL emerges, i.e., northward reaching
ridges of baroclinic waves.

The flight legs close to the tropopause are subdivided into two data sets
based on the threshold value of 15 % for the occurrence frequencies of S? > S2.
The NoO-CO tracer-tracer correlation shows distinct characteristics for these
two data sets (Fig. 5.10b). The trace gas measurements in regions where strong
vertical wind shear is uncommon, i.e., mainly within troughs, exhibit several
mixing lines which indicate "deep" mixing (Pan et al., 2007). These mixing
lines connect with the tropospheric branch at comparatively large CO mixing
ratios, thus, contributing characteristic tropospheric air to the mixing process.
Equivalently, the mixing lines connect with the stratospheric branch at compar-
atively low NoO mixing ratios, thus, indicating the transport of comparatively
'old" stratospheric air towards the troposphere. Old or aged stratospheric air
refers to air with a long residence time in the stratosphere, which is charac-
terised by reduced NoO mixing ratios due to photochemical depletion (Birner
and Bonisch, 2011). Trace gas measurements in regions where strong verti-
cal wind shear occurs more frequently (> 15 %) are associated with above-
average potential temperatures at the dynamic tropopause, i.e., the up- and
northward transport of tropospheric air from lower latitudes within ridges of
baroclinic waves. The NoO-CO tracer-tracer correlation of these measurements
exhibits mixing lines as well, however, they connect the stratospheric and the
tropospheric branch at steeper slopes and at lower CO mixing ratios. This
includes the mixing lines which were identified in Chapter 3 for WISE RF07
and RF12. Tropospheric CO mixing ratios generally decrease with altitude and
distance from tropospheric source regions. Furthermore, photochemical deple-
tion increases with altitude. The distinction between mixing processes within
the ExXTL based on the tropopause altitude is a common concept in research
on STE within baroclinic waves. The previous paragraph motivated how this
approach can be extended based on the wind shear statistics. The aim is to
estimate the significance of of the TSL for the formation and maintenance of
the ExTL. The concept is presented as an outlook for upcoming research, as a
more detailed analysis is beyond the scope of this thesis.

In summary, the analysis revealed a distinct correlation between the potential
temperature at the Q = 2 pvu surface and the occurrence frequency of S? > S?,
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Figure 5.11: Vertical cross sections of ten year average tropopause properties be-
tween 60° E and 180° E longitude: a) winter (DJF) and b) summer (JJA). Upper
panels: Solid black line shows @(LRT) for the zonal region. Blue solid line shows
zonally averaged occurrence frequency for S? > S? between 1 km below and 2 km

above the local LRT, and dashed solid line depicts @(LRT) for such vertical profiles.
Bottom panels show interannual standard deviation for every measure. The standard
deviation of the occurrence frequency displays absolute percentage values.

which confirms that strong vertical wind shear in the midlatitudes emerges
primarily at the tropopause within ridges of baroclinic waves. This result agrees
with the findings in Chapter 4 and further generalises them.

5.3.2  The tropopause wind shear layer at the subtropical jet stream

The analysis of the geographic distribution of strong vertical wind shear at the
tropopause revealed a distinct occurrence frequency maximum in the region
where the STJ emerges, i.e., over east Asia and the Northwest Pacific. Strong
vertical wind shear S? > S? occurs most frequently in this region during DJF,
when the jet stream is most pronounced. The winter STJ over Asia is also
referred to as the east Asian jet stream (EAJS). During these months, the
tropopause break in the zonal region between 60° — 180° E is sharply defined,
and the potential temperatures at the LRT decrease from values of the order of
360 — 380 K south of 30° N to values below 320 K north of 40° N (Fig. 5.11a).
The meridional progression of @(LRT) agrees well with the climatology of
Seidel et al. (2001) which is based on radiosonde measurements.

The pronounced tropopause break during winter ist associated with the emer-
gence of the EAJS, along with frequently occurring strong vertical wind shear
at the tropopause (Fig. 5.11a). The zonally averaged occurrence frequency for
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Figure 5.12: As in Fig. 5.6a for a smaller geographical section, averaged over se-
lected DJF seasons of a) west-located EAJS core years (2008, 2011 and 2012), and
b) averagely located EAJS core years (2009 and 2010). For further destails see text
and Wu and Sun (2017).

S? > S? between 60° — 180° E peaks right at the location of the tropopause
break, where it exhibits values approaching 30 %. The interannual standard de-
viation of the occurrence frequency maximum exhibits absolute values of about
5 %. This variability in the occurrence frequency of strong wind shear at the
tropopause can be linked to the variability of the EAJS. In the meridional di-
rection, the location of the EAJS core does not vary much on interannual time
scales (Yang et al., 2002), which agrees with the meridionally sharply defined
maximum of the zonally averaged occurrence frequencies for S? > S?. The
zonal location of the EAJS exhibits a more pronounced interannual variability,
as well as the strength of the jet , which has been investigated by Wu and Sun
(2017). The authors identified the jet core to be located comparatively far west-
ward during the winter seasons of 2008, 2011 and 2012 (focussing on years that
intersect with the data set analysed in this thesis), along with above-average jet
core wind speeds. These jet stream characterstics are associated with frequently
occurring strong wind shear at the tropopause in the zonal region from 60° E—
180° E (Fig. 5.12a). During the winter seasons of 2009 and 2010, the jet core
has shifted to the east and exhibits lower maximum wind speeds, which agrees
with the reduced occurrence frequencies for 52 > Stz between 60° E-180° E
(Fig. 5.12b). Despite the general agreement between these basic characterstics
of the EAJS and the occurrence of strong vertical wind shear, the direct con-
nection should not be generalised and needs further investigation, e.g. because
Wu and Sun (2017) do not see a strong correlation between the zonal EAJS
core location and maximum wind speeds. Furthermore, it should be considered
that the occurrence of S? > S? over a limited vertical extent at the tropopause
is not necessarily linked to exceptional wind speeds.

During the summer months, the subtropical jet stream over the Asian con-
tinent slows down and shifts to the north of the upper-tropospheric Tibetan
high pressure system which is associated with the East Asian summer monsoon
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(EASM) circulation. The zonally averaged occurrence frequencies for 5% > S?
in the vicinity of the LRT decrease to 11 %, and the peak shifts towards the
upper edge of the tropopause break (Fig. 5.11b).

5.3.3 Strong vertical wind shear at the tropical easterly jet

The exceptional tropical summer maximum of the occurrence frequencies of
strong wind shear at the tropopause is associated with the emergence of the
tropical easterly jet (TEJ). The TEJ is characterised by upper tropospheric
easterlies of up to 40 ms~! that arise from June to September at altitudes
of about 150 hPa below the tropical tropopause (Krishnamurti and Bhalme,
1976). The occurrence of the TEJ core is associated with the EASM circulation.
The tropopause region above the TEJ is exposed to strong vertical wind shear
S? > Sf up to 70 % of the time and over large areas above the Indian ocean, ac-
cording to Fig. 5.6¢c. The zonal average of this occurrence frequency maximum
exhibits a pronounced interannual variability (Fig. 5.11b). This agrees with
the findings from (Roja Raman et al., 2009) who analysed the vertical shear
of the zonal wind at different heights above the TEJ core based on MST radar
measurements and radiosonde data. The occurrence frequencies for S? > St2
at the LRT which are displayed in Fig. 5.6c furthermore agree qualitatively
well with the results from Sunilkumar et al., 2015. The authors of said study
analysed vertical occurrence frequency distributions of the vertical wind shear
above certain threshold values, at two radiosonde stations which are located at
Trivandrum (8.3° N, 76.6° E) and Gadanki (13.5° N, 79.2° E). They identified
occurrence frequencies of almost 80 % for S? > 2.25 x 10™% s72 at Trivandrum
and 67 % at Gadanki, respectively 37 % for S? > 9.0 x 1074 s72 at Trivan-
drum and 15 % at Gadanki. These peak values emerged as a sharp maximum
above the convective tropopause (COT) and close to the cold point tropopause
(CPT), with the LRT generally located in between (Sunilkumar et al., 2013).

5.3.4 The Pacific winter Walker circulation cell

During the winter months, the tropical occurrence frequency maximum for
S2? > S? shifts towards the east where it is located above the maritime continent
and exhibits 5 — 10 % lower maximum occurrence frequencies over a smaller
area compared to the summer TEJ maximum (Fig. 5.6a). The pronounced
interannual variability of the occurrence of strong vertical wind shear in this
region as well as the season and geographical location of its occurrence indicate
a link to the El Nino Southern Oscillation (ENSO) ocean—atmosphere coupling
within the Pacific Walker circulation cell.
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Figure 5.13: a) Comparison of the Oceanic Nifio sea surface temperature anomaly
Index for DJF (ONI, blue graph) with the strong shear occurrence frequency during
DJF averaged over the region from 100° E to 130° E and from the equator to 10° N
(red graph). The values for January—February 2008 and December 2017 are included
(light red). ONI values from https://www.noaa.gov/. b) and ¢) Temporal mean of a
zonal cross-section at the equator, averaged in geometric height coordinates, for the
two consecutive DJF seasons 2009/10 and 2010/11. Color contour shows mean zonal
wind component (u, in m s~1). Red solid lines show the 10 % and the 50 % isolines
of occurrence frequencies for S? > Stz. Blue solid lines show the 10 % and the 50 %
isolines of occurrence frequencies for N2 > 4-107% s72. Black circle markers indicate
LRT altitude, and black solid lines show isolines of potential temperature (®, in K).
Light blue dashed lines indicate the isolines of 70 % and 85 % relative humidity over
ice.

To test this hypothesis, the average occurrence frequencies for strong vertical
wind shear in the tropopause region above the maritime continent are compared
with the Oceanic Niflo sea surface temperature anomaly Index (ONI) as a mea-
sure for the ENSO phase. The occurrence frequencies are averaged over the
area from 100° E to 130° E and from the equator to 10° N, and the results are
shown in Fig. 5.13a. The interannual progression of the two quantities shows
an anticorrlation, with average to large occurrence frequencies of S? > S? dur-
ing neutral and La Nina phases with a pronounced peak during the strong La
Nina phase of 2010/11. The positive sea surface temperature (SST) anomaly
in the West Pacific during La Nifia is associated with enhanced convection over
the maritime continent. The intense large scale convective lifting and the en-
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hanced upper tropospheric outflow results in pronounced and localised upper
tropospheric eaterlies, which are linked to the frequent occurrence of strong
vertical wind shear at the tropical tropopause. The convective outflow region
is associated with enhanced gravity wave activity, as convection is the primary
source for gravity wave generation in the tropics through several forcing mecha-
nisms (Miiller et al. (2018) and therein). The interaction between gravity waves
and the tropopause could contribute to the exceptionally frequent occurrence
of strong vertical wind shear above the maritime continent, considering the
fact that the upper tropospheric easterlies exhibit on average comparatively
low maximum wind speeds.

The pronounced El Nifio phases during DJF 2009/10 and 2015/16 are associ-
ated with significantly below-average occurrence frequencies for strong vertical
wind shear at the tropopause, i.e. about 20 % below the 10 year average of
54.2 %. This is linked to the eastward shift of the rising branch of the Walker
circualtion cell along with the SST anomaly (Sullivan et al., 2019). The con-
vection occurs less localised over the Pacific ocean and the upper tropospheric
easterlies which are associated with the convective outflow are less pronounced.
Thus, strong vertical wind shear occurs less frequently, particularly above the
maritime continent (Fig. 5.13c).

At the beginning of Chapter 5.3, the ten year zonally averaged occurrence
frequency of S? > S? revealed a distinct secondary maximum below the trop-
ical LRT, which was noticably separate from the TSL above the LRT. Figure
5.13c indicates how this secondary maximum comes to existence, which is now
briefly reviewed. The upper tropospheric easterlies above the maritime conti-
nent are associated with a frequently occurring lapse rate tropopause jump
over a vertical distance of about 500 — 1000 m, which is located at the west-
ern edge of the easterlies. The region below the upper edge of this small scale
tropopause break is frequently exposed to enhanced static stability along with
strong vertical wind shear, thus, sustaining dynamic stability. The zonal aver-
aging then results in two distinct maxima, one above the LRT which follows
the downward sloping LRT in easterly direction, and one below the LRT which
includes all wind shear regions east of the tropopause break. The TEJ exhibits
comparable characteristics, thus, the explanation which was given for DJF is
analogous for the summer months.

54 SUMMARY

The objective of Chapter 5 was a comprehensive analysis on the occurrence
of strong vertical wind shear in the northern hemispheric tropopause region.
This was motivated by the results from Chapter 4 concerning the occurrence
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of enhanced vertical wind shear above the LRT within ridges of breaking baro-
clinic waves, as well as the variety of research studies that identified the fre-
quent occurrence of exceptional vertical wind shear closely above the lapse
rate tropopause (e.g., Birner et al., 2002; Sunilkumar et al., 2015; Liu, 2017;
Zhang et al., 2019). Strong vertical wind shear is a prerequisite for turbulent
mixing to occur in stably stratified flow, i.e., above the tropopause, and its
occurrence might be linked to the formation and maintenance of the extratrop-
ical transition layer. Therefore, the central question which was adressed was
the following:

e How does the occurrence of strong vertical wind shear relate to the plane-
tary circulation; what are the forcing mechanisms for the wind shear; and
what are possible consequences for cross tropopause transport?

This question was approached using ten years of daily northern hemispheric
ERA5 fields as a comprehensive state of the art representation of the atmo-
spheric state. The data set was analysed for the occurrence of strong vertical
wind shear S? above the threshold value of S7 = 4-107% s72, in a tropopause-
relative vertical coordinate system. The treshold value was motivated based on
two considerations. 1) The mean static stability in the troposphere can not sus-
tain vertical wind shear larger than S? due to the dynamic stability criterion.
2) Stratospheric vertical wind shear 52 > St2 results in Richardson numbers
of the order of O(1), considering the average stratospheric static stability of
N2ppor = 41074 s72, an thus close to the critical limit Ri. = 1/4.

The analysis identified a pronounced occurrence frequency maximum for
5% > S2 within a sharply defined layer of 1-2 km vertical extent located closely
above the LRT, reaching from the tropics down to latitudes larger than 60°
N, which motivated the defintion of a tropopause wind shear layer (T'SL). The
geographic distribution of the occurrence of strong vertical wind shear at the
tropopause showed several distinct occurrence frequency maxima, which can
be attributed to planetary circulation features, i.e., the jet streaks of the polar
front jet and the rotational wind systems within differently evolved baroclinic
waves, the subtropical jet stream, and the upper tropospheric easterlies asso-
ciated with the Walker circulation cells. The key aspects of the link between
strong vertical wind shear an the planetary circulation are as follows:

o Strong vertical wind shear occurrs frequently at the tropopause within
the storm track regions in the Northeast Pacific and the North Atlantic.
It occurrs almost exclusively at above average tropopause altitudes, and
thus mainly within ridges of baroclinic waves, in agreement with the
results from Chapter 4. The latitudinal excursion of air masses was iden-
tified based on deviations of the potential temperature at the () = 2
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pvu surface from a background mean state, and the analsis revealed that
5% > S? occurs up to 50 % of the time within far northward reaching
ridges characterised by above-average dynamic tropopause potential tem-
peratures of about A@(Q = 2 pvu) = 20 K.

o The subtropical jet stream over the Asian continent exhibits localised
occurrence frequency maxima for S? > S? up to 45 % in the ten year
average and during winter, where the jet stream is most pronounced. The
interannual variability of the occurrence frequencies for S? > S? appears
to be linked to the zonal location and the strength of the jet core (Wu
and Sun, 2017), which needs further investigation.

o The tropical tropopause above the upper tropospheric tropical easterly
jet, which emerges from June to September, is exposed to strong verti-
cal wind shear up to 70 % of the time over large areas of the Indian
Ocean. These findings, while striking, agree with observation-based re-
search studies on characteristics of the tropical easterly jet (Roja Raman
et al., 2009; Sunilkumar et al., 2015).

e The outflow region of the rising branch of the Pacific winter Walker cir-
culation cell exhibits similar occurrence frequencies for strong vertical
wind shear S2 > Sf at the tropopause above the maritime continent,
compared to the tropical easterly jet. This is particularly the case during
la Nina phases, in agreement with the stronger outflow on top of the
more intense and localised convection above the maritime continent. The
interannual variability of the occurrence frequencies for strong vertical
wind shear over the maritime continent ranges from 30 % during el Nino

(DJF 2009/10) up to 70 % during la Nifia (DJF 2010/11).

Overall, the identification of the tropopause shear layer and its geographical
mapping presents a step towards a better understanding of the dynamic struc-
ture of the transition region between the troposphere and the stratosphere. For
the extratropics, the analysis confirmed and expanded the central results from
Chapter 4, i.e., that strong vertical wind shear near to the tropopause emerges
frequently within ridges of baroclinic waves, and thus, a region that is also asso-
ciated with the evolution of a pronounced TIL. For the baroclinic wave breaking
event with LC2 characteristics in Chapter 4.2.1 it was shown that enhanced
static stability and enhanced vertical wind shear generally do not correlate,
despite the synoptic scale co-occurrence of the TIL and regions of strong wind
shear closely above the LRT. Figure 5.14a shows that the results from the case
study are representative for the whole ten years of northern hemispheric ERA5
data. The lower stratosphere between the LRT and 3 km above is mainly char-
acterised by average stratospheric static stability N2t = 41074 572 as well
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Figure 5.14: a) Relative occurrence frequency distribution of N2-S? pairs in the
region between the LRT and 3 km above, for all daily northern hemispheric ERA5
fields from 2008-2017. Logarithmic occurrence frequency color scale. Red dashed line
indicates S? = S?. Dashed black lines indicate the Richardson numbers 0.25, 0.5,
1.0, 2.0 and 4.0. b) Histogram of the relative distribution of Richardson numbers
associated with the data displayed in panel a in bins of AR: = 0.25. Orange bars
show Ri for grid volumes with S? > SE, and blue bars for the remaining grid volumes
between the LRT and 3 km above. Dotted black line indicates Ri = 1.

as enhanced values associated with the TIL. At the same time, vertical wind
shear below S? is most prevalent. The resulting Richardson number distribu-
tion for grid volumes with S? < S? peaks at Ri = 3 and spans over a large
spectrum of larger values (Fig. 5.14b). Richardson numbers of Ri < 1 are rarely
associated with S? < S? within the first 3 km above the LRT.

Grid volumes with strong vertical wind shear S2 > S? can be found within
a large spectrum of N? values, under the condition that dynamic stabillity
Ri > Ri. is maintained (leftmost dashed black line in Fig. 5.14a). The Richard-
son number distribution for grid volumes with S? > S? peaks at Ri = 1 which
validates the motivation for the choice of the threshold value S? = 4-107% s72,
Furthermore, these grid volumes constitute the greater part of Richardson num-
bers Ri < 1. Thus, the analysis shows that the lower stratosphere between the
LRT and 3 km above is generally dynamically stable in the absence of strong
vertical wind shear, i.e., outside the TSL.

Strong vertical wind shear does not correlate well with the occurrence of
turbulence (e.g., Knox, 1997) and the Richardson numbers predicted by the
IFS in the ERAS data set do rarely fall below Ri.. However, the identification
of the TSL narrows down the region where shear induced dynamic instability
and turbulence can occur in the stably stratified flow above the LRT. Chap-
ter 3 furthermore showed that the TSL can be exposed to turbulent mixing,
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which was identified to be caused by small scale processes below the resolution
capabilities of the IFS, and which are represented in the model in form of the
diffusive turbulence parametrisation that sets in at above-critical Richardson
numbers of the order of O(1). The limited occurrence of the TSL within the
first few kilometers above the LRT indicates a link to the chemically defined
ExTL or mixing layer. The analysis of airborne measured in situ CO profiles
revealed a distinct "kink" in the vertical transition from tropospheric to strato-
spheric values, which defines the upper edge of the chemical transition layer
and indicates a discontiuity in the occurrence of the processes that define the
transition. Hoor et al. (2004) determined this upper edge to be located at about
25 K potential temperature above the local dynamic tropopause, i.e., the ) = 2
pvu surface, and Pan et al. (2004) identified it at about 2 — 3 km above the
LRT. These results were expanded on global scales by Hegglin et al. (2009),
based on CO-Ogz and HsO-Oj3 tracer-tracer correlations derived from Atmo-
spheric Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS)
satellite data. The systematic link to the processes that determine the tran-
sition was initiated by Berthet et al. (2007), who saw a tropopause following
behaviour of the majority of TST trajectories in a trajectory model that was
driven by ECMWF data. This Lagrangian approach was extended by Hoor et
al. (2010), who linked the chemically defined transition layer to tropopsphere-
stratosphere transition timescales of 0 — 50 days, and thus significantly faster
transport compared to the remainder of the LMS. The vertical confinement of
the TSL indicates a contribution to the comparatively fast mixing within the
first few kilomters above the tropopause. Thus, one of the key results in this
Chapter is that shear induced turbulent mixing in the LMS is limited to the
first few kilometers above the LRT, which indicates its role as a contributing
process to the formation and maintenace of the ExTL on a global scale.

The TSL could be further analysed in the context of the processes that are
responsible for its formation. The analysis in Chapter 4 and 5 indicated that
strong vertical wind shear at the tropopause is not necessarily linked to excep-
tional wind speeds in the upper troposphere. Additionally, the thermal wind
relation can significantly underestimate the wind shear above the LRT within
baroclinic waves, although the shear regions are embedded in the synoptic
scale flow that is well represented by the geostrophic wind approximation on
isobaric levels. In this context, the strength of the TSL could be an indicator
for enhanced gravity wave acitivity and the associated bi-directional interac-
tion between gravity waves and the tropopause respectively the TIL, i.e., the
associated maximum of the refractive index (Bense, 2019). Equivalently, the re-
lation between the TSL and gravity waves is bi-directional because the sudden
change in wind speed can lead to wave propagation or wave reflection. The TSL
could be a major source for gravity waves that emerge from shear instabilities
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(Plougonven and Zhang, 2014), depending on how frequently it is exposed to
dynamic instability. Non-linear wave-mean-flow interaction caused by the TSL
can furthermore influence both the TSL and the TIL through wave energy dis-
sipation and vertical heat and momentum flux at the tropopause (Zhang et al.,
2019).

In summary, the identification of the T'SL puts previous research studies on
the occurrence of strong vertical wind shear at the tropopause into a larger
context, and highlights advantages of a threshold based analysis. The analysis
reveals that the occurrence of S? > S? is largely limited to a vertical layer
within the first few kilometers above the LRT, which occurs as global scale
feature in the UTLS.
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6.1 CONCLUSION

This thesis aimed at a better understanding of the evolution of the tropopause
inversion layer (TIL) in the context of the ambient atmospheric dynamics, with
the goal to assess its function as a conceptual transport barrier for transport
and mixing in the region that separates the troposphere from the stratosphere.
On one hand, the lower stratospheric maximum in static stability which defines
the TIL conceptually inhibits exchange between vertically adjacent air masses.
On the other hand, the TIL does not emerge as a standalone flow feature,
but rather as one constituent within the underlying large scale dynamics. In
this context, several research studies recently suggested a causal relationship
between stratosphere-troposphere exchange (STE) and the evolution of the TIL
(Kunz et al., 2009; Gettelman and Wang, 2015; Kunkel et al., 2016). The thesis
at hand adressed this issue with a particular focus on extratropical baroclinic
wave dynamics with the objective to estimate the potential for shear induced
turbulence and STE in regions where the TIL evolves. For this, analyses over a
large spectrum of spatial and temporal scales were performed, from individual
case studies based on in situ airborne measurements in the tropopause region
(Chapter 3), to model-based process studies of baroclinic life cycles (Chapter
4), up to climatological and planetary scales based on reanalysis data (Chapter
5). This synergistic approach led to the following key results:

1. Turbulent mixing and STE occurs in regions within baroclinic waves
which are characterised by a pronounced temperature inversion above
the tropopause, i.e., the TIL.

2. The strong vertical wind shear which causes the turbulence emerges fre-
quently within a synoptic scale through-ridge dipole that largely follows
the evolution of the TIL in breaking baroclinic waves.

3. Strong vertical wind shear that holds the potential for dynamic instability
in the stratosphere occurs frequently as well as nearly exclusively within
a distinct layer of 1-2 km vertical extent above the lapse rate tropopause,
and on a global scale.

These findings are based on the results of analyses covering case, process and
climatological studies and are provided more comprehensively in the following
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paragraphs.

The thermal and dynamical structure of the tropopause region at midlat-
itudes was analysed in the context of the occurrence and shaping of the ex-
tratropical transition layer, based on measurements from two research flights.
The observational data is taken from the WISE campaign which took place in
autumn 2017 over the North Atlantic.

During research flight RF07 the airplane approached the tropopause from
the stratosphere above the ridge of a late stage baroclinic wave that was as-
sociated with a pronounced surface cyclone. According to forecast fields from
the ECMWF IFS, the airplane crossed a layer of strong vertical wind shear
that was located closely above the tropopause and reached into the region of
enhanced static stability associated with the TIL. Thus, the model predicted
Richardson numbers of the order of O(1). The tracer-tracer correlation of the
in situ measured NoO and CO mixing ratios indicated quasi-isentropic mixing
in this region, along with small scale wave perturbations in the trace gas mixing
ratios and the measured potential temperature as well as high frequency vari-
ability shortly thereafter which was interpreted as in situ measured turbulence.
These processes took place on scales below the resolution capability of the IF'S.
The fact that the layer of strong wind shear was exposed to localised dynamic
instabily was further confirmed through the observation of Kelvin Helmholtz
billows which emerged on top of the warm conveyor belt cloud deck, shortly
after the time where mixing was evident in the trace gas measurements.

During research flight RF12 the research aircraft descended through a region
where the IFS forecast predicted a pronounced TIL as well as strong vertical
wind shear. This allowed the comparison of the model-derived and the in situ
measured dynamic and thermal structure in the tropopause region above the
ridge of a baroclinic wave. The analysis showed a largely realistic representation
of the TIL in the IFS, but a significant underestimation of the vertical wind
shear due to a non-resolved wave signal which was evident in the horizontal
wind. The tracer-tracer correlation of NoO and CO indicated a temporal and /or
spatial sequence of mixing processes that took place within the TIL profile.

Both RF07 and RF12 indicate wind shear induced turbulent mixing at the
tropopause above upper tropospheric ridges and on the anticyclonic shear side
of the tropospheric jet streak. The quasi-vertical state parameter measurements
along the selected descent during RF12 indicated a discrepancy between the
ability of the IFS to resolve the vertical temperature structure on one hand
and the vertical wind shear on the other hand. The vertical and the mesoscale
horizontal extent of the shear layer which was predicted by the IFS along the
flight path of RF07 was identified to be close to the vertical and effective
horizontal resolution capability of the IF'S.
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The analyses indicate that shear induced turbulent mixing might be a fre-
quently occurring mixing process within ridges of baroclinic waves at above
average tropopause altitudes, and thus, a region that has gained comparatively
little attention in the context of STE and the associated evolution and main-
tenance of the extratropical transition layer. This issue is closely linked to
the occurrence of a pronounced TIL above ridges, respectively the lack thereof
within troughs and low-tropopause features like stratospheric intrusions, where
the comparatively small static stability presents a weaker transport barrier,
which is associated with frequent and deep mixing of tropospheric and strato-
spheric air (e.g., Pan et al., 2007; Konopka and Pan, 2012; Schéfler et al., 2021).
Furthermore, the comparison of IFS forecast data and in situ measurements
indicate that shear induced turbulent mixing above ridges might be underesti-
mated in numerical models, due to resolution restrictions of and the identified
discrepancy of the ratio of the static stability N2 to the vertical wind shear S2.

In a subsequent analysis the focus is on the apparent link between the evolu-
tion of the thermal and the dynamic structure in the tropopause region during
baroclinic life cycles in the midlatitudes. The objective was to link the evolu-
tion of mean sea level pressure anomalies with the flow in the UTLS, and thus,
to track the evolution of the thermal and dynamic structure in the tropopause
region. A surface cyclone tracking algorithm was applied to five years of oper-
ational ECMWF IFS analysis data over the North Atlantic. First, the metrics
were applied to case studies of baroclinic wave breaking events that resemble
characteristic LC1 and LC2 life cylces (Thorncroft et al., 1993). Second, the
tracking algorithm was used to compile composites of barclinic wave breaking
events at comparable evolution stages.

The point in time of maximum surface cyclone intensity, i.e., the global mean
sea level pressure minimum along the cyclone track was identified to be asso-
ciated with common evolution stages in the UTLS during indivdual baroclinic
life cycles. The analysis showed that the TIL in real atmospheric flow evolves in
good agreement with the forcing mechanisms that have been identified based
on theoretical considerations and idealised baroclinic life cyle simulations. The
TIL exhibits a distinct trough-ridge dipole structure, in agreement with the
anticipated role of the vertical divergence of the ageostrophic vertical wind
associated with upper tropospheric PV anomalies of different algebraic sign
(Wirth, 2004; Wirth and Szabo, 2007). Furthermore, the TIL exhibits a pro-
nounced mesoscale varibility within the ridges, which has been attributed to
enhanced gravity wave activity associated with the upper tropospheric front
and the jet exit region (Kunkel et al., 2014), as well localised modification of the
thermal structure at the tropopause due to diabatic and mainly cloud-related
processes as well as turbulence (Kunkel et al., 2016).
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Another key result of Chapter 4 is that the occurrence of strong vertical wind
shear in the tropopause region largely matches the synoptic scale evolution of
the TIL, i.e., a dipole structure that is characterised by intense wind shear
above the tropopause within the ridge, respectively no pronounced wind shear
at the tropopause within the trough. The regions of strong wind shear exhibit a
mesoscale variability comparable to the TIL, however, a general co-occurrence
of enhanced S? and enhanced N? is not present. Nevertheless, the tropopause
region within ridges of baroclinic waves exhibits frequently comparatively low
Richardson numbers of the order of O(1) in the elsewhere dynamically stable
lowermost stratosphere. This tendency towards dynamic instability is governed
by the vertical wind shear, and thus, the processes responsible for its occurrence.
The thermal wind shear approximation was shown to significantly underesti-
mate certain regions of strong vertical wind shear, which agrees with earlier
research on the importance of inertial forces (Newton and Persson, 1962) as
well as mesoscale flow deformation e.g. caused by large scale gravity waves with
intrinsic frequencies close to the inertial limit (Kunkel et al., 2014).

Overall, the results from Chapter 4 broaden our understanding from the
case study results in Chapter 3. For WISE RF07 and RF12, the occurrence of
strong vertical wind shear above the tropopause was identified as a prerequisite
respectively an indicator for the potential for dynamic instability and shear in-
duced turbulent mixing above the tropopause. The composite analysis showed
that these conditions are frequently met over large areas of the tropopause
region within ridges of baroclinic waves over the North Atlantic, including par-
ticularly far poleward reaching ridges at the time of maximum surface cylone
intensity. As a consequence, the small scale mixing process identified on base of
the case studies (Chapter 3) most potentially contributes significantly to STE
in the extratropics. This is also confirmed by recent findings by Spreitzer et al.
(2019). This process might have been previously underestimated due to the fact
that numerical models are just recently beginning to resolve the vertical and
mesoscale horizontal scales at which the dynamic stability in the tropopause
region is defined. The reason for the significance of frequently occurring small
scale mixing within baroclinic waves is the fact that they are the predominant
flow feature in the UTLS in the midlatitudes, with 4-8 individual waves being
present in each hemisphere all the time.

Ultimately, the mixing described in Chapter 3 and 4 is the consequence of ver-
tical shear of the horizontal wind. Although it is known that strong wind shear
occurs in the tropopause region, no climatological analysis was present of the
shear occurrence. This gap is now closed by an analysis of daily ERA5 data over
the course of ten years for the northern hemisphere. Applying a threshold cri-
terion with S7 = 4-107% s72 showed that regions of strong vertical wind shear
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S2 > St2 are most dominantly present in a layer above the local tropopause. In
fact, such enhanced shear has an occurrence frequency on the order of 1 — 10 %
within the first two kilometers above the local tropopause. Moreover, since these
enhanced shear values occur everywhere above the tropopause from the tropics
to high latitudes, this feature can be regarded as a global scale phenomenon
and can thus be termed the tropopause wind shear layer (TSL).

Although present from the equator to the high latitudes, the strong vertical
wind shear has geographically dependant different sources. In the midlatitudes,
S% > S? emerges mainly in the storm track regions over the North Atlantic
and the Northeast Pacific, at above-average tropopause altitudes within ridges
of baroclinic waves. This further expands the key findings from Chapter 4, and
generalises them for all seasons in the long year average and the whole northern
hemisphere. Similarly to the chemically defined extratropical transition layer,
the occurrence of the TSL is limited to the first few kilometers above the lo-
cal tropopause. This tropopause-following behaviour of both features strongly
suggests a link to the separation of the extratropical transition layer from the
remainder of the LMS (Hoor et al., 2004; Pan et al., 2004; Hegglin et al., 2009)
which has been linked to a discontinuity in the transport time scales (Berthet
et al., 2007; Hoor et al., 2010), and thus, the processes that transport and dis-
perse tropospheric air in the stratosphere. Ultimately, such a link would also
involve a controlling function of the TSL concerning the radiative budget not
only locally but also at the earths surface, because small relative changes in
the temperature structure and the gradients of radiatively active trace gases
in the UTLS can significantly influence the radiative forcing (Riese et al., 2012).

At lower latitudes, the STJ over the Asian continent is associated with com-
paratively frequently occuring strong vertical wind shear at the tropopause,
particularly during winter. The occurrence of strong vertical wind shear at
the southern side of the tropopause break particularly during winter could
contribute to stratosphere-troposphere exchange at the upper edge of the low-
ermost stratosphere. Up to now, the upper edge of the lowermost stratosphere
has been identified to be “ventilated” with tropospheric air primarily during
the summer months, where the latitudinal transport barrier at the tropopause
break is comparatively weak (Berthet et al., 2007).

The tropical upper tropospheric easterlies over the Indian ocean and the
Maritime continent are associated with the exeptionally frequent occurrence of
strong wind shear 5% > StQ at the the tropical tropopause, with area-wide peak
values of up to 70 %. The summer maximum over the Indian ocean is associated
with the tropical easterly jet, and the representation of the tropopause wind
shear layer in the ERAD reanalysis agrees with observation-based research stud-
ies on intense vertical wind shear associated with the tropical easterly jet (Roja
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Raman et al., 2009; Sunilkumar et al., 2015). The winter maximum over the
maritime continent emerges mainly during pronounced la Nina phases, which
is linked to the relation between the strength and location of the convective ris-
ing branch of the Pacific Walker circulation cell (Sullivan et al., 2019) and the
sea surface temperature anomaly. Both the tropical easterly jet and the upper
tropospheric winter easterlies above the maritime continent feature a system-
atically occurring perturbation in the tropopause structure, which is linked to
the occurrence of strong vertical wind shear above and below the local lapse
rate tropopause. This needs further investigation in the context of STE within
the tropical tropopause layer (Fueglistaler et al., 2004; Fueglistaler et al., 2009),
and closely linked, the processes that force the exceptionally pronoucend and
frequent wind shear in this region (Flannaghan and Fueglistaler, 2014). Gravity
waves excited from tropical convection (Miller et al., 2018) could contribute
to the formation of the tropopause shear layer (Podglajen et al., 2017), and its
occurrence in this region vice versa likely influences the spectrum of vertically
propagating gravity waves (Lane, 2021).

In summary, the results of this thesis advance our understanding of the re-
lation between the dynamic and thermal structure in the UTLS substantially,
particularly in the extratropical UTLS. The occurrence of the TIL in the extra-
tropics is put into context of the underlying synoptic- and mesoscale flow, and
thus, the TIL is identified as an inherent feature of a region that frequently
comprises the potential for dynamic shear instability and turbulent mixing.

6.2 OUTLOOK

On the basis of the results from this thesis further research can advance in the
following directions, to adress questions that remain open or have come up in
this thesis.

First, the relative contribution of processes that result in the formation and
the observed variability of the TSL on different scales needs further investiga-
tion. In the midlatitudes this could be approached in form of baroclinic life
cycle simulations at varying steps of idealisation. Such sensitivity studies could
then link balanced flow dynamics and the influence of resolved gravity waves
to the formation of the TSL, as well as non-resolved physical processes and
the respective model paramtrisation schemes, equivalent to the research on the
formation of the TIL (Wirth and Szabo, 2007; Erler and Wirth, 2011; Kunkel
et al., 2014; Kunkel et al., 2016).

Second, the potential for dynamic instability and turbulent mixing within
the regions of strong vertical wind shear should be be further narrowd down.
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Jaeger and Sprenger (2007) compiled a climatology on clear air turbulence in-
dicators in the northern hemispheric tropopause region based on the ERA40
reanalysis. The climatological distribution of the turbulence index TT (Ellrod
and Knapp, 1992) as a more sophisticated indicator for turbulence shows a
good general agreement with the climatology of the TSL in some regions, e.g.
the storm track regions, as well as more pronounced differences in other re-
gions, e.g. the enhanced potential for turbulence over central Europe and the
American Northwest as well as particularly on the northern side of the subtrop-
ical jet stream. Deviations could stem from process-related differences due to
the inclusion of the horizontal flow deformation in the TI as a source for wind
shear generation, or they could be attributed to advancements in the resolution
capabilities and the representation of physical processes in the more advanced
ERAS5 reanalysis.

These first two points for further research are closely linked because the
wind shear on one hand governs the potential for shear induced turbulent
mixing in the stably stratified lower stratosphere and on the other hand and
the occurrence of turbulence significantly influences the thermal and dynamic
structure through vertical diffusion of momentum and heat.

The validation of the characteristics of the TSL that were identified in the
ERAD5 reanalysis is another important point to consider, i.e., its instantaneous
vertical extent and the vertical spread in the tropopause region, as well as its
variability on different temporal and spatial scales and the resulting geographi-
cally mapped occurrence frequencies. This could be approached on the basis of
a systematic comparison of observational data with the model-derived charac-
terstics within the metrics that were defined in this thesis. For example, such
an analysis could be based on radiosonde measurements, or the doppler lidar
wind measurement data from the ESA Aeolus satellite which was recently put
into orbit. The Aeolus satellite probes the lowermost 30 km of the atmosphere
in a vertical resolution comparable to the one of the IFS in the tropopause
region (multiples of 250 m, typically in the range of 0.25 — 2 km, (Reitebuch et
al., 2014)), and thus, presents a potent opportunity for a further investigation
of the TSL.

A last point which should be mentioned here is the link between the TSL and
the extratropical transition layer. The question is whether the TSL is a major
cause of the existence of the chemical transition region in the extratropics. Such
an analysis could be based on the approach briefly outlined in Chapter 5.3.1 in
the combination of high resolution observations with reanalysis data. However,
such an investigation should be based not soley on case studies from research
aircraft campaigns but should also include a larger data set, e.g., from TAGOS.
This has the adavantage to focus on both a process oriented view as well as on
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a quasi-climatological perspective due to the long available time series of the
TAGOS data set.



SUPPLEMENTARY INFORMATION FOR CHAPTER 3

A.1 GEOMETRIC ESTIMATION OF THE KELVIN HELMHOLTZ BIL-
LOW DIMENSION

The estimation of the height of the Kelvin Helmholtz billows photographed on
the cloud deck is based on the idea that the shift of the billows in the image
plane is caused the displacement due to the airplane traveling for At = (4 +1)
s with the true air speed TAS = (235+5) m/s. The images are shifted relative
to each other such that the Kelvin Helmholtz billows overlap, and the relative
shift is used to calculate the dimension of the image plane at the location of
the wave.

The viewing angle of the camera was estimated to ¢ = 90° 4+ (20 + 3)° from
the airplane heading, based on the location of the airplane windows and the
alignment of the airplane wing in the photos. This implicates that the distance
covered by the airplane T'AS - At results in a horizontal displacement of the
billows in the image plane, as well as a departure of the image plane from the
airplane orthogonal to the flight direction. The latter results in an increase of
the image plane size relative to the Kelvin Helmholtz billows which are assumed
to remain constant in size during At. The total shift of the billows depends on
their horizontal location in the image plane, as well as on the viewing angle of
the camera. The following considerations are made to illustrate the concept of
the calculation:

For a backward facing camera, a point in the centre of the image would receive
no shift, and a point towards the corners would receive a shift based on the in-
crease of the size of the image plane. For a sidewards facing camera (orthogonal
to the flight direction), any point in the image plane would receive a shift of
T AS - At, and the size of the image plane would stay constant. For the viewing
angle estimated for the photos taken during WISE RF07, the following consid-
erations are made to narrow down the range of sizes for the Kelvin-Helmholtz
billows:

The increase in distance of the image plane from the airplane orthogonal to the
flight direction Ay = T'AS - At - sin(¢$) amounts to (321 +93) m. A point at
the right edge in the second photo is located Az = (697 4+ 46) m from the right
edge in the first photo, according to the geometric deliberations in Fig. 3.9
and utilising the law of sines. Equivalently, a point that is initially (in the first
photo) located at the left edge of the image plane, is shifted Az = (1070 + 21)
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m from the left edge in the second photo. This value is larger than T AS - At
due to the additional effect of the increase of the size of the image plane. These
two values for Ax narrow down the range for the absolute shift in kilometers
between the two photos.

In a first calculation, the shift of the two photos relative to each other is done
such that the pronounced billows on the right hand side overlap, and is esti-
mated to f =541 %. Assuming the lower (right hand side) limit Az = 697 m
as 5 % of the images width, results in a horizontal dimension of (13.93 +4.55)
km of the image plane of the first photo at the location of the Kelvin Helmholtz
billows.

The relative horizontal extent of the whole wave package is smaller in the sec-
ond photo, which agrees with the assumed increase in size of the image plane,
and validates the considerations in the previous paragraphs. The wave crests on
the left hand side of the image therefore do not overlap precisely when shifting
the images based on the crests on the right hand side. Repeating the calculation
with an f = 6 % shift based on the wave crests on the left side and the upper
limit for Az of 1070 m results in a horizontal dimension of (17.83 £ 5.37) km
of the image plane of the second photo at the location of the Kelvin Helmholtz
billows. According to the central values this is an increase of 3.89 km of the
horizontal image plane extent between the first and the second photo.
According to the estimated increase in distance of the image orthogonal to the
flight direction of Ay = 367 m, the horizontal dimension of the image plane
of the second photo should increase by (373 £ 108) m compared to the first
photo, which is a factor 10 smaller than the previous result. The two calcula-
tions however receive more comparable results when taking into consideration
that the two shifts of the images are mainly based on one crest about 2/8 of
the image size from the right edge for the first photo, respectively a crest about
1/8 from the left edge for the second photo. The assumed angle between the
image plane and the wave train as well as its uncertainty further reduce the
precision of the calculation.

The estimation of the extreme values for the size of the image planes includ-
ing the error estimation results in a large margin of possible values, from
(13.93 £ 4.55) km for the first photo to (17.83 £ 5.37) km for the second photo.
The relative shift of the two images however is not done based on wave crests
at the edges of the photos. A best guess value is chosen based on the fact
that the image shift is most reliable based on the wave crests about 2/8 of
the horizontal image size from the right edge, which results in approximately
(15 £5) km horizontal extent of the image plane at the location of the Kelvin
Helmholtz billows.

The central wave train consisting of five wavelength spans over approximately
42 % of the horizontal image, which implicates a wavelength A = (1260 + 420)
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m. Assuming a crest height of about A/2 results in a vertical extent of the
wave (630 £ 210) m.

Overall, the assumptions and calculations made in the previous paragraphs de-
liver results that are consistent in themselves, but also agree with the informa-

tion from the in-situ measurements, the IF'S model data, and the information
within the photos.
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Figure 1.1

Figure 1.2

Figure 1.3

Schematic of the northern hemispheric UTLS and its
key features, adopted from Gettelman et al. (2011).
Seven year temporal and zonal average (2002-2008),
a) Winter (DJF), and b) summer (JJA) season. Color
contour shows vertical temperature gradient (07/0z,
in steps of 0.5 K km~!). The solid black line indicates
the location of the LRT, and the dashed black lines the
dynamic tropopause based on the PV threshold values
2 pvu and 6 pvu. Dotted black lines show isentropes,
and solid thin black lines zonal mean zonal wind (u, in
steps of 10 m s~!). Data basis for the thermal structure
are GPS radio occultation (RO) measurements, PV and
wind are derived from ECMWF ERA Interim reanalysis
fields . . .. ..
Zonal mean tropopause based averaged vertical profiles
for JJA at 70° N, adopted from Hegglin et al. (2009).
LRT relative vertical coordinate. Black line shows static
stability (N2, in 10~% s72), blue line HoO mixing ra-
tio (ppmv, logarithmic as indicated), solid grey line O3
(ppmv), and dashed grey line CO (ppmv, factor 20).
For further details see Hegglin et al. (2009). . . . . . . .
Schematic of the tropopause region in baroclinic waves,
to illustrate the key processes and the central issue of
this work. The TIL is indicated in orange, above the
tropopause (thick silver line). The tropospheric ridge is
dominated by the jet streak, large scale uplifting, and
high reaching clouds. Gravity waves (emitted, reflected,
refracted) are indicated as wavy arrows. Turbulence is
indicated by circular arrows. An exemplary vertical pro-
file of a tropospheric trace gas mixing ratio is shown at
the right edge. Dashed (dotted) red arrows show long
(short) wave outgoing (incoming) radiation. The depen-
dency of the material change rate of N2 on the vertical
divergence of the vertical wind is stated in the top left
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Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 3.1

Schematic diagram of the physical processes imple-
mented in the ECMWEF IFS model. Figure adapted
from ECMWF (2016b). . . . . .. ... ... ... ...
Exemplary vertical cross section at 60° N on 26 Au-
gust 2011, 18 UTC. a) Operational IFS analysis data.
b) ERA Interim reanalysis data. Greyscale filled con-
tour shows static stability (N2, in s72). Yellow shaded
contour indicates intense vertical wind shear S% >
4-107* s72. Black dotted lines show isentropes (@,
in K). Blue dashed lines show cloud ice water content
(ciwe, in steps of 1075 kg kg™1). Black cirlce markers
indicate LRT altitude. . . . . . . .. .. ... ... ...
Flight paths of all 16 flights conducted during the
WISE campaign from September—October 2017, includ-
ing the transfer flights from and to Oberpfaffenhofen.
Red dashed lines depict flight sections within 50 hPa
vertical distance from the LRT, blue lines show the re-
maining flight sections. . . . . .. ... ... ... ...
Vertical profiles of UMAQS trace gas mixing ratio mea-
surements during WISE RF07 on 28 September 2017,
for a) CO and b) N2O. Colour code indicates flight time
since takeoff in hours. . . . . . ... ...
Potential temperature ® on Q = 2 pvu dynamic
tropopause, for four time steps during the evolution of
the baroclinic wave. Contour lines for @ = 320 and 340
K are highlighted in black. Path of minimum surface
pressure during the four days is shown in all four pan-
els, with the current location indicated by the red x,
and the M SLP minimum colour coded from 994 hPa
(yellow) to 973 hPa (red). . . . . . . .. ... ... ...
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Figure 3.2 a) Selection of UTLS features on 28 September 2017, 15
UTC from ECMWF IFS forecast data. Solid black line
indicates ®(Q = 2 pvu) = 320 K dynamic tropopause
potential temperature. Light grey filled contour indi-
cates regions where the static stability N2 in the LMS
exceeds 6-107% s72, dark grey filled contour where

the vertical shear of the horizontal wind S?  exceeds

max
4-107* 572 within 1 km vertical distance from the local
LRT. RFO07 flight path from 14:20-15:15 UTC is indi-
cated in blue, HALO location at 15 UTC by blue star,
MSLP minimum by grey x. b) Vertical cross section
at 55° N, filled contour shows horizontal wind speed,
dotted lines isentropes, black dots LRT altitude, black
squares dynamic tropopause altitude, and blue star lo-
cation of the DLR HALO at 15 UTC. Black filled con-
tour indicates N2 > 6-107%4 s72, and grey filled contour
regions of enhanced vertical wind shear S 2>4.107%s72 34
Figure 3.3 Flight pattern of research flight RF07. Colour code indi-
cates flight altitude, black solid line shows surface pro-
jection of the flight path. The black dotted lines indicate
the location, the viewing direction and the opening an-
gle of photographies of Kelvin Helmholtz billows that
were taken at 15:03 UTC and are analysed in Section
313, 35
Figure 3.4 Time series of measured and model-derived quantities
during WISE RF07 on 28 September 2017. a) Flight
altitude (black solid, in km) and model-derived quan-
tities from IF'S forecast data, showing LRT altitude as
black circle markers (z(LRT), in km), and @ = 2 pvu
dynamic tropopause altitude as black square markers
(2(Q = 2 pvu), in km). b) Black line shows potential
temperature along flightpath (@, in K), blue line shows
zonal wind component (u, in m s~1), and red line merid-
ional wind component (v, in m s~!). Bright colors show
IF'S forecast data interpolated along the flight path, flat
colors show in situ measured quantities. . . . . . . . .. 36
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Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

a) Height-time cross section along the flight path on
FL380, derived from hourly IF'S forecast fields, between
14:15 and 15:15 UTC on 28 September 2017. Verti-
cal wind shear S? (color-coded), static stability isoline
N? = 6-107* 572 (black solid), flight altitude (black
dotted), isentropes ® (grey dashed), cloud ice water
content ciwe (blue dashed in steps of 5- 1076 kg kg™1),
horizontal wind speed vu? 4 v2 (green solid, starting at
40 m s~! and in steps of 10 m s71), and LRT altitude
(black circles). b) Static stability N2 (solid red), verti-
cal wind shear S? (red dashed), and Richardson num-
ber Ri (black solid, logarithmic scale). Quantities along
flight path derived from IFS forecast data. ¢) Measured
potential temperature (black solid, BAHAMAS, in K),
N2O mixing ratio (green, UMAQS, in ppbv), and CO
mixing ratio (blue, UMAQS, in ppbv). . . . . . . . . ..
Tracer-tracer correlation of the mixing ratios of NoO
and CO that were measured during WISE RF07. Grey
circle markers indicate mixing ratio pairs for the whole
research flight, color coded cross markers show mea-
surements for the time from 14:20-14:54 UTC, with the
color indicating the measured potential temperature ©.
Correlation analysis of the measurements presented in
Fig. 3.5¢c. a) - ¢): CO-O correlation for the three succes-
sive time periods during the flight leg on FL380, with
the time since 14:00 UTC colour-coded. d) - f): CO-NoO
tracer-tracer correlation, with the colour code indicat-
ing the measured potential temperature @ in K.

a) Power spectral density of the meridional wind along
the flight path during WISE RF07, comparison between
BAHAMAS measurements (grey solid) and IF'S forecast
data (black solid). Red line indicates f = 2-1073 s~1.
b) Divergence of the horizontal wind V - iy, at 11.5 km
altitude on 28 September 2017, 15 UTC. Black line in-
dicates the flight path of the research aircraft between
14:20-15:15 UTC. . . . . . .. ... .

38

39



Figure 3.9

Figure 3.10

Figure 3.11
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a) Composite of the the two post-processed photographs
taken at 15:03:43 and 15:03:47 UTC. The displacement
is such that the Kelvin-Helmholtz billows align horizon-
tally. b) Schematic of the geometric analysis. Red lines
show the cameras field of view and the image plane,
blue dashed lines indicate the Kelvin-Helmholtz billows
at two time steps. . . . . . . ... L.
Excerpt of the synoptic situation during WISE RF12.
a) Potential temperature ® on the () = 2 pvu dynamic
tropopause, on 12 October 2017, at 12 UTC. Contour
lines for ® = 320 and 340 K are highlighted in black.
Mean sea level pressure overlay in grey contour lines
(MSLP, beginning at 965 hPa in the cyclone centre
and in steps of 10 hPa). Flight path of WISE RF12
indicated in red. b) Height-time cross section along the
flight path, indicating the Richardson number (R, color
coded), flight altitude (zgaro, black dotted line), dy-
namic tropopause (z(Q = 2 pvu), black dash-dotted),
LRT altitude (z(LRT), circle markers), an isoline of the
static stability (N? = 6-107* s72, grey solid line),
and isolines of the horizontal wind (uy, in m s~!, grey
dashed lines). All quantities derived from IFS forecast
data. . . .. ...
Quasi-vertical profiles during the descent from 11:55
to 11:57 UTC during WISE RF12. Solid thick lines
show IFS forecast profiles, dashed lines measurements
or measurement-derived variables, and solid thin lines
20 second running mean of measurements. a) Air tem-
perature (7', in K). b) Horizontal wind components, u in
green, v in magenta ((u/v), in m s~!). ¢) Vertical shear
of the horizontal wind in blue (52, in s72) and static
stability in red (N?, in s~2), on a logarithmic scale.
Richardson number in black (Ri, dimensionless). Ver-
tical blue line indicates Ri = 0.25. The potential tem-
perature derived from the BAHAMAS measurements is
indicated on the rightmost vertical axis. . . . . . . . ..
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Figure 3.12

Figure 4.1

Figure 4.2

Figure 4.3

Tracer-tracer correlation plot for CO and NoO dur-
ing WISE RF12. Grey markers show all measurements
within the axis limits, color coded markers only mea-
surements during the descent from 11:55:00 to 11:57:51
UTC. Color code indicates potential temperature at the
location of each mixing ratio measurement (@, in K).
a) All 139 cyclone tracks identified in the analysed re-
gion. Crosses indicate the location of MSLP along each
track. b) Schematic of the size of the analysed region
(dark grey) in comparison to the full sphere, as well as
the size of a rotated spheric polar coordinate system
(orange) with @4, = 15° radius. The dark grey semi-
transperent upright plane illustrates (with exaggerated
vertical extent) the vertical cross-section aligned from
north to south as displayed in Fig. 4.11cand d. . . . . .
Evolution of an LC2 resembling baroclinic wave break-
ing event, 24 hours before (first column), at (middle col-
umn), and 24 hours after the time of maximum surface
cyclone intensity (last column). a) MSLP (< 1013 hPa
solid lines, > 1013 hPa dashed lines, in steps of 5 hPa).
b) Isentropic potential vorticity (IPV) at ® = 330 K
(Q(® = 330 K), in pvu), and horizontal wind speed at
200 hPa (uy, red solid lines from 45 ms~! in steps of 15
msTl). L
As in Fig. 4.2, for a different set of UTLS measures.
a) Maximum in static stability within 3 km above the
LRT (N2, in s72). b) Maximum in vertical shear of the
horizontal wind within 1 km vertical distance from the
LRT (S?, in s72). ¢) Relative vorticity at LRT altitude
(Crer, in s71). d ) Richardson number minimum within

3 km above the LRT (Rimin) - - - - v v v v v v v oo o
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Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8
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a) Vertical cross section on 14 October 2014, 06 UTC at
18° W. Filled contour shows vertical shear of the hor-
izontal wind (52, in s~2), black dotted lines isentropes
(® in K), grey filled contour indicates static stability
N% > 6-107% 572, blue (red) lines zonal (meridional)
wind isotachs (u,v, in ms™!, dashed lines for negative
values). Circle markers indicate LRT altitude (z(LRT)
in km). b) Two-dimensional histogram of N? and S?
within 3 km above the LRT, on 14 October 2014, 06
UTC and for the region displayed in Fig. 4.3. Colorbar
indicates count of grid volumes in the respective N2-5?
bin. Black dashed line indicates R7 = 1/4. Red dashed
line see Section 4.2.1. . . . . . ... ...
As in Fig. 4.2, for the LC1 resembling baroclinic wave
breaking event, 24 hours before (first column), at (mid-
dle column), and 24 hours after the time of maximum
surface cyclone intensity. . . . . . . ... .. ... ...
As in Fig. 4.3, for the LC1 resembling baroclinic wave
breaking event, 24 hours before (first column), at (mid-
dle column), and 24 hours after the time of maximum
surface cyclone intensity. . . . . .. ... .. ... ...
Comparison of the horizontal wind and the geostrophic
wind, for the time of maximum cyclone intensity of the
LC1 case study, i.e., 17 October 2014, 18 UTC. a) Zonal
wind at 300 hPa (u, in ms™!). b) Geostrophic zonal
wind at 300 hPa (ug, in ms™1). ¢) Meridional cross sec-
tion at 17° W. Vertical wind shear color coded (S?, in
s~?), isentropes black dotted (@, 315 K, 320 K, 330 K,
350 K), LRT altitude black circle markers, and zonal
wind -10 ms~! (blue dashed) and 0 ms™' respectively
30 ms~! (blue solid) isotachs. d) Thermal wind shear
color coded (52, in s72), and zonal geostrophic wind -
10 ms~! (blue dashed) and 0 ms~! respectively 30 ms~*
(blue solid) isotachs. Isentropes and LRT as in panel c.
As in Fig. 4.2 and Fig. 4.3, for the stratospheric cut-
off resulting from the LC1 resembling baroclinic wave
breaking event. . . . . ... ... L.
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Figure 4.9

Figure 4.10

Figure 4.11

Composites of UTLS features derived from subsets of
the tracked cyclones, displayed over a radius of 15°
around the cyclone centre at the time of maximum sur-
face cyclone intensity. Top column for the 76 strong
cyclones with MSLP,,;,, < 990 hPa, middle column
for the 30 very strong cyclones with MSLP,,;, < 980
hPa, and bottom row for the 54 weak cyclones with
MSLP,,in > 990 hPa. a) Potential Vorticity at @ = 330
K (Q(® = 330 K), in pvu). b) Relative vorticity at LRT
altitude (G, ins™Y). . .o
Asin Fig. 4.9, for different UTLS features. a) Maximum
in static stability within 3 km above the LRT (N?, in
s72). b) Maximum in vertical shear of the horizontal
wind within 1 km vertical distance from the LRT (S2,
in s72), and d) relative vorticity at LRT altitude ({p,
L
a) and b): Quasi-horizontal composites derived from
the 76 strong cyclones with MSLP,,;, < 990 hPa. a)
Mean and b) median value of the minimum Richardson
numbers within 3 km above the local LRT (Ripn, (-
)). ¢) and d): Northward aligned vertical cross sections
through the cylcone centre, LRT-based average for the
76 strong cyclones, with mean LRT altitude restored.
c) Static stability as filled contour (N2, in s~2), isen-
tropes as black dotted (@, in K), LRT altitude as circle
markers (z(LRT), in km), potential vorticity isolines as
red dotted (@ = 2 pvu and Q = 3 pvu), and cloud ice
water content as blue dashed lines (CIWC, beginning
at 5-107% kg/kg and in same steps). d) Vertical shear
of the horizontal wind as filled contour (S?, in s72),
zonal (meridional) wind component in blue (red), posi-
tive values solid, negative values dashed lines (u and v,
in m/s), dashed white contour N? = 6-10~% s~2 isoline,
and LRT altitude asinc). . ... ... ... ... ...
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Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4
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Synoptic situation on 11 September 2017, 00 UTC over
the northern hemisphere. Color contour shows poten-
tial temperature at the LRT (@(LRT), in K), black
lines isotachs of the horizontal wind at 200 hPa (from
30 ms~! in steps of 15 ms~!). Magenta shaded areas
indicate regions with S 2> StQ between 1 km below and
2 km above the local LRT. Dashed white lines indicate
the location of the vertical cross-sections in Fig. 5.2. . .
Vertical cross section at the latitudes indicated in Fig.
5.1, 1.e.,a) 120° W, b) 60° W, and ¢) 100° E. Color con-
tour shows zonal wind speed (u, in ms_l), and magenta
contour indicates region of 52 > 4.107* s72. Black
circle markers indicate LRT altitude, and black dotted
lines isolines of the potential temperature (O, in K). . .
Relative occurrence frequency of S? > S?, zonally av-
eraged over the northern hemisphere on 11 September
2017, at 00 UTC. Logarithmic occurrence frequency
contour. Data vertically binned in dz = 500 m. a) Abso-
lute height distribution. Dashed black line indicates the
effect of the 1.5 km above orography cut-off. b) LRT-
relative vertical coordinates. Dashed black line shows
LRT altitude. ¢) As in b) with the average LRT alti-
tude of the vertical profiles with S? > S? restored. . . .
Northern hemispheric occurrence frequency distribution
of grid volumes that exhibit strong vertical wind shear
S% > S? from 1 January 2008 to 31 December 2017.
Logarithmic frequency contour, vertically binned with
dz = 500 m. a) Geometric altitude as the vertical coor-
dinate. Solid bold black line indicates mean LRT alti-
tude for all 10 years and the whole northern hemisphere.
Dashed thin black line indicates the effect of the 1.5 km
above orography cut-off. White solid (dotted) line in-
dicates regions where negative (positive) vertical wind
shear makes for 75 % of the counts. b) As in panel
a, with LRT-relative vertical coordinate and with mean
LRT altitude for profiles with S? > S? restored (dashed
bold black line). Solid bold black line as in panel a. c)
As in panel b but from 0° — 20° N with the cold point
tropopause (CPT) as a reference altitude, and north of
20° N with the dynamic tropopause (@) = 2 pvu) as a
reference altitude. . . . . .. ..o
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Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Schematical vertical cross section of the tropopause-
based averaging method. Left part shows exemplary
situation at the tropopause break, right part the key
measures after tropopause-based averaging. Black lines
indicate the LRT, grey lines the dynamic tropopause.
Blue lines show isotachs, and the yellow and blue re-
gions indicate regions of enhanced vertical wind shear
above and below the jet core. . . . . . . ... ... ...
Occurrence frequency distribution of S? > S2? between
1 km below and 2 km above the local LRT and in the
northern hemisphere. Averaged over 10 years from 2008
to 2017 for a) DJF, b) MAM, ¢) JJA and d) SON. Red
solid lines indicate isolines of the horizontal wind at 200
hPa, starting at 30 m s~! in steps of 30 ms™'. . . . . .
a) and b): Seasonal ten year temporally and zonally
averaged dynamic tropopause potential temperature
(©(Q = 2 pvu), in K). ¢) and d): Seasonal ten year
temporally and zonally averaged LRT potential temper-
ature (O(LRT), in K). Solid lines show mean values,
dashed lines interannual standard deviation. Left col-
umn North Atlantic region (80° W-0° W). Right col-
umn Northeast Pacific region (180° W-120° W). Red
dot in a indicates @(Q = 2 pvu) which Fig. 5.8 is re-
ferring to. . .. ..o
Occurrence frequency of S? > S? within 1 km below
and 2 km above the LRT, depending on ©®(Q = 2 pvu).
Blue histogram shows occurrence frequency distribution
of ®(Q = 2 pvu) at 50° N during MAM 2008 — 2017
and averaged over 180° — 120° W. ©®(Q = 2 pvu) in
1 K bins. Dashed black line shows mean value @(Q =
2 pvu) = 316.4 K (red dot in Fig. 5.6b). Solid black line
shows occurrence frequency for S2 > S? in 1 km vertical
distance from the LRT within the ®(Q = 2 pvu) bins. .
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Figure 5.9

Figure 5.10
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Occurrence frequency of A@(Q = 2 pvu) deviations
from ©(Q = 2 pvu) as in Fig. 5.8¢, with meridional de-
pendency. Dashed (solid) red lines indicate occurrence
frequencies isolines, beginning at 0.5 % (1.0 %) and in
steps of 1.0 %. Colour contour shows occurrence fre-
quency for S? > S? between 1 km below and 2 km
above the LRT within the ®@(() = 2 pvu) bins. a) to d)
DJF MAM JJA SON over the North Atlantic region. e)
to h) Same for the Northeast Pacific region. Blue dashed
line in f) indicates location of Fig. 5.8. . . . . . . . . ..
a) Black solid contour lines indicate occurrence frequen-
cies for S? > Stz in 1 km vertical distance from the
LRT, for SON and over the North Atlantic. Contour
lines start at 5 % and progress in steps of 5 % (com-
pare Fig. 5.9d). Circle markers show overlay of measure-
ments from the WISE campaign in the AO(Q = 2 pvu)-
Latitude space, at reduced frequency for reasons of clar-
ity. Black markers indicate the flight leg from 14:36 to
14:54 UTC during WISE RFO07. Red (blue) markers in-
dicate measurements from all WISE flights in regions
with occurrence frequencies for S? > S? larger than
(smaller than) 15 %, that were performed within 30 K
vertical distance above the tropopause. The 15 % con-
tour is higlighted in magenta. Histograms indicate the
relative distribution of measurements performed within
each A®(Q = 2 pvu)-bin, respectively each latitude
bin. b) N2O-CO tracer-tracer correlation for the flight
data displayed in panel a. The descent at 11:55 UTC
during WISE RF12 is indicated in white circle markers
(These measurements were performed north of 60° N,
and thus beyond the range of panela. . . . . . ... ..
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Figure 5.11

Figure 5.12

Figure 5.13

Vertical cross sections of ten year average tropopause
properties between 60° E and 180° E longitude: a) win-
ter (DJF) and b) summer (JJA). Upper panels: Solid
black line shows @(LRT) for the zonal region. Blue solid
line shows zonally averaged occurrence frequency for
52 > S? between 1 km below and 2 km above the local
LRT, and dashed solid line depicts ©(LRT) for such ver-
tical profiles. Bottom panels show interannual standard
deviation for every measure. The standard deviation of
the occurrence frequency displays absolute percentage
values. . . ...
As in Fig. 5.6a for a smaller geographical section, aver-
aged over selected DJF seasons of a) west-located EAJS
core years (2008, 2011 and 2012), and b) averagely lo-
cated EAJS core years (2009 and 2010). For further
destails see text and Wu and Sun (2017). . . . ... ..
a) Comparison of the Oceanic Niflo sea surface temper-
ature anomaly Index for DJF (ONI, blue graph) with
the strong shear occurrence frequency during DJF aver-
aged over the region from 100° E to 130° E and from the
equator to 10° N (red graph). The values for January—
February 2008 and December 2017 are included (light
red). ONI values from https://www.noaa.gov/. b) and
c¢) Temporal mean of a zonal cross-section at the equa-
tor, averaged in geometric height coordinates, for the
two consecutive DJF seasons 2009/10 and 2010/11.
Color contour shows mean zonal wind component (u,
in m s~!). Red solid lines show the 10 % and the 50 %
isolines of occurrence frequencies for S 2> Stz. Blue solid
lines show the 10 % and the 50 % isolines of occurrence
frequencies for N2 > 4. 10~% s72. Black circle mark-
ers indicate LRT altitude, and black solid lines show
isolines of potential temperature (@, in K). Light blue
dashed lines indicate the isolines of 70 % and 85 % rel-
ative humidity overice. . . . . . . . .. ... ... ..
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Figure 5.14 a) Relative occurrence frequency distribution of N?2-52
pairs in the region between the LRT and 3 km above, for
all daily northern hemispheric ERA5 fields from 2008
2017. Logarithmic occurrence frequency color scale. Red
dashed line indicates S? = S?. Dashed black lines indi-
cate the Richardson numbers 0.25, 0.5, 1.0, 2.0 and 4.0.
b) Histogram of the relative distribution of Richardson
numbers associated with the data displayed in panel a
in bins of ARy = 0.25. Orange bars show R: for grid
volumes with S2 > Sf, and blue bars for the remaining
grid volumes between the LRT and 3 km above. Dotted
black line indicates Ri = 1. . . . . . .. ... ... ... 95
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ACE-FTS
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MAM March April May
McICA Monte Carlo Independent Column Approximation
MLT Mesosphere-lower thermosphere
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PHYSICAL SYMBOLS

Symbol  Unit Description

cwe kgkg™! Cloud ice water content

Cp Jkg 1K1 Specific heat capacity of air for constant pressure
f s~1 Frequency

F ms 2 Vector of non-conservative forces
F Wm—?2 Radiative flux

Jura - Stability function after Louis, Tiedtke and Geleyn
g ms~! Gravitational acceleration

K. m?s! Eddy diffusivity

l m Mixing length

m m~! Vertical wave number

MSLP Pa Mean sea level pressure

N? 572 Brunt-Vaisala Frequency

P Pa Pressure

q kgkg~! Specific humidity

i kg kg1 Specific ice water

q kgkg™! Specific liquid water

Q m? s~ Kkg~! Potential vorticity

Ry Jkg tK-! Specific gas constant for dry air
r m Radius

0 m Cressman filter adius

Ri - Richardson number
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PHYSICAL SYMBOLS

Critical Richardson number

Vertical shear of the horizontal wind
Threshold of S2

Temperature

Time

True air speed

Zonal wind component

Horizontal wind speed

Vector of the threedimensional wind
Meridional wind component

Vector of the geostrophic wind

Vertical wind component

Vector of geographic location of MSLP minimum
Altitude

Lapse rate

Relative vorticity

Vector of absolute vorticity

Potential temperature

Horizontal wave length

Density

Geopotential

Radius of the rotated polar coordinate system
Vertical velocity in pressure coordinates

Vector of angular vorticity of the earth
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