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Abstract In this study, we interpret two vertical turbulence measurements. We acquired these
uninterrupted high-resolution dissipation rate profiles with the balloon-borne instrument LITOS (Leibniz
Institute Turbulence Observations in the Stratosphere) from velocity measurements using a spectral
technique. The meteorological situation is characterized using ECMWF’s integrated forecast system (IFS)
as breaking Rossby waves showing significant tropospheric jets and a developed tropopause fold. In both
cases, dissipation rates in the shear zone above the upper-tropospheric jet are three orders of magnitude
larger than below, reaching severe turbulence strengths (1,000 mW kg™) in a deep tropopause fold and
moderate turbulence strengths in a medium tropopause fold (10 mW kg™"). These turbulent spots are
shown to create a tripole shaped pattern of PV modification across the tropopause. Furthermore, tracer-
tracer correlations exhibit mixing of tropospheric and stratospheric air masses in the medium-fold case.
While the strength of turbulence corresponds to the depth of the tropopause fold, its asymmetric vertical
distribution is possibly related to the tropopause fold life cycle. The observed asymmetry in the vertical
turbulence distribution is consistent across both tropopause folds and in overall agreement with measured
Richardson numbers. In the medium-fold case however, it is neither expected from conceptual models
nor from Richardson numbers in the IFS. This calls for further field campaigns to investigate the role of
turbulence and its implications for the meteorological understanding as well as for aviation safety.

Plain Language Summary Tropopause folds are areas where air from higher altitudes is
submerged under the jet stream. These areas are important for the vertical exchange of trace gases and
are known for creating aviation hazards due to enhanced turbulence. In our study, we use high-resolution
turbulence measurements from balloons to study the phenomenon. For further understanding, these
observations are compared to data from weather forecast models. While we generally find a quantitative
agreement between our measurements and other studies, the observed turbulence pattern is unexpected:
we find turbulence strengths above the jet stream to be 1,000 times stronger than below. As conceptional
models predict a strengthening of tropopause folds due to turbulence, this result has a likely influence

on our understanding of the phenomenon as well as it highlights potential hazards for high flying
passenger aircraft.

1. Introduction

Tropopause folds are regions where stratospheric air is submerged under the upper-tropospheric jet. In the
extratropics, they are fundamental to the understanding of stratosphere-troposphere exchange processes
and the strength of these processes is largely variable (e.g., Stohl et al., 2003). While the tropopause acts as a
transport barrier most of the time, tropopause folds can be associated with strong exchange of trace species
across this barrier (Holton et al., 1995; Shapiro, 1980). These folds have been discovered in the mid-twenti-
eth century (Bjerknes, 1937; Reed & Danielsen, 1958), about 50 years after the discovery of the tropopause
(Hoinka, 1997). For a detailed account on tropopause folds in terms of the history of the idea the reader is
referred to Keyser and Shapiro (1986).

In order to give a good account of the tropopause region under such dynamical conditions, it is useful to
apply a dynamical tropopause definition instead of a thermal one as given in WMO (1957). The dynamical
description defines the tropopause as a quasi-material surface of constant potential vorticity (PV) (Holton
et al., 1995; Hoskins, 1997). Generally, tropopause folds are part of upper-level jet-front systems (ULJFs),
which are themselves part of the baroclinic wave life cycle (Bush & Peltier, 1994; Shapiro & Keyser, 1990).
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The upper-level fronts are zones of enhanced vertical gradients of horizontal wind as well as enhanced
horizontal temperature and PV gradients. Typical along-front scales are 1,000-2,000 km, while cross-front
scales are one order of magnitude smaller (Keyser & Shapiro, 1986; Shapiro, 1981).

Rossby wave breaking events are a frequent phenomenon at midlatitudes—they occur in 40% of all winter
days and they show tilted wave-like displacements of warm air toward the pole (Ziilicke & Peters, 2008).
These poleward extensions of subtropical air occur within ridges, i.e., regions of high geopotential (low
potential vorticity), while the equatorward excursion of cold air masses occurs within troughs, i.e., regions
of low geopotential (large potential vorticity) on isobaric (isentropic) surfaces. At either side of such a
high-pressure ridge strong meridional transports are realized in ULJFs, bringing tropospheric air north-
ward and upward at the western side and stratospheric air southward down at the eastern side of the ridge.
The associated ageostrophic cross-frontal circulation gives rise to the formation of tropopause folds (Shap-
iro, 1981). This understanding of the tropopause fold as an effect of the ageostrophic circulation around the
jet is most fundamental, while further extensions include effects of finite-size jet streaks and separate up-
per-troposphere and lower-stratosphere fronts (Lang & Martin, 2012) or adiabatic forcing (Spreitzer et al.,
2019). This adiabatic forcing is partly generated by turbulence as first described by Shapiro (1976).

More specifically, ULJFs and tropopause folds in particular are a well-known source of turbulence due to
their strong vertical gradients of horizontal wind (e.g., Koch et al., 2005; Shapiro, 1974; Sharman et al., 2012).
The turbulence in turn drives mixing processes between tropospheric and stratospheric air (Cho et al., 1999;
Holton et al., 1995; Lamarque & Hess, 1994). Turbulence generation in tropopause folds has been attributed
to Kelvin-Helmholtz instabilities (e.g., Cho et al., 1999) as well as to convective sources (Koch et al., 2005;
Reid & Vaughan, 2004). By generating turbulent potential temperature fluxes and therefore modifying the
PV in ULJFs, turbulence is not only a consequence of strong frontal gradients, but acts frontogenetic itself
(e.g., Keyser & Shapiro, 1986). Here the idea is that turbulent mixing in both shear layers creates an area of
enhanced PV on the cyclonic side of the jet at the height of its core, which amplifies the above mentioned
ageostrophic circulation around the jet (Shapiro, 1976). This has been confirmed by recent model studies
using numerical weather forecasts and by two older, more conceptional 2D investigations (Chagnon & Gray,
2015; Gidel & Shapiro, 1979; Saffin et al., 2017; Shapiro, 1981; Spreitzer et al., 2019). Therefore, turbulence
is expected to act frontogenetic by sharpening frontal gradients in the shear zones below the jet as well as
above the jet (Shapiro, 1981, his Figure 17). This is counter-intuitive, because on smaller-scales, turbulent
mixing leads to a weakening of gradients (e.g., Fritts & Werne, 2013, Figure 4).

Spreitzer et al. (2019) showed that shear driven turbulence in the frontal zones around the jet creates a
tripole structure in PV. Saffin et al. (2017) and Chagnon and Gray (2015) observed the generation of a PV
dipole with a maximum slightly above the dynamical tropopause. Even though the shape of the PV modifi-
cation differs, all studies are in line with the conceptual picture given by Shapiro (1976). Generally, the en-
hanced dissipation rates are associated with eddy heat flux. The heat flux in turn induces a PV modification
that is a function of its second vertical derivative. Consequently, we may expect a tripole of negative-posi-
tive-negative PV tendency for a single dissipation peak. When there are two dissipation peaks, for example
above and below the upper-level jet, a pentapole structure would correspond. The particular form of this
PV structure depends on the specific shape of the turbulence distribution. In the original model of Shapiro
(1976), for example, both dissipation peaks above and below the jet are symmetric.

Furthermore, turbulent processes are important for the breakdown of tropopause folds. Without mixing
processes tropopause folds are reversible. Only the formation of smaller scale filaments, their evolution to
smaller and smaller scales by turbulence and finally molecular mixing at the smallest scales will lead to
stratosphere-troposphere exchange (Hartjenstein, 2000; Stohl et al., 2003). This means that turbulence in
tropopause folds does not only act frontogenetic, but it also plays a vital role in the mixing of trace gases
across the tropopause. In the last two decades, several mostly aircraft based studies on trace gas distribu-
tions in tropopause folds have been performed (Cho et al., 1999; Gettelman et al., 2011; Pan et al., 2007;
Ungermann et al., 2013; Woiwode et al., 2018). Typically, they use correlations of two tracers, one of which
has high stratospheric and the other one high tropospheric abundance. The tracer-tracer correlation is then
used to identify tropospheric and stratospheric air masses as well as well mixed regions that are frequently
called extratropical transition layer (Gettelman et al., 2011). For our study, these tracer-tracer correlations
allow to assess whether mixing has taken place at a previous stage of the tropopause fold development.
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Earlier conceptional models described the front in an ULJF as one continuous zone reaching from the up-
per troposphere up into the lower stratosphere on the cyclonic side of the jet core (e.g., Shapiro, 1976). More
recently however, Lang and Martin (2012) showed that they are best described by separating them into a
upper tropospheric (UT) front below the upper-level jet and a lower stratospheric (LS) front above the jet,
which has already been partly suggested by Shapiro (1981). More specifically, the ageostrophic circulation
in the ULJF acts frontogenetic or frontolytic on either of the frontal zones, depending on the stage of the
frontal development and their position with respect to the baroclinic wave (Lang & Martin, 2012).

Since the 1970s, aircraft-based observational studies in tropopause folds have been performed. Some of
them derived kinetic energy dissipation rates as a measure for turbulence strength (Cho et al., 1999; Kenne-
dy & Shapiro, 1975, 1980). However, among these there is only one turbulence sounding in the upper shear
layer of the tropopause jet (Kennedy & Shapiro, 1980). All the others took place in the shear layer below
the jet or at the height of its core. Altogether, these studies consist of single measurements, but are not able
to provide a complete altitude profile of turbulence. Furthermore, Reid and Vaughan (2004) used a radar
to derive energy dissipation rates in the UT front of a tropopause fold while some others did not report
quantitative dissipation rates but air traffic related qualitative classifications for turbulence intensity such
as moderate or greater (e.g., Koch et al., 2005; Shapiro, 1976).

In conclusion, we state that the aforementioned explanation of turbulence influence on tropopause fold
generation by Shapiro (1976) expects turbulence to occur in the UT front as well as in the LS front (their Fig-
ure 17). Quantitative observations of turbulence however, are almost exclusively available for the UT front.

We intend to bridge this gap by performing high-resolution in situ soundings of turbulent energy dissipa-
tion rates, which are used to deduce eddy heat fluxes and PV tendencies across tropopause folds. State of
the art aircraft based studies allow for reliable determination of energy dissipation rates (Bramberger et al.,
2017; Strauss et al., 2015). However, aircraft measure mainly horizontal transects trough tropopause folds
and their operational costs are high, especially for larger altitudes. Radar based techniques to determine
energy dissipation rates usually show a coarser spatial resolution (e.g., Hocking & Mu, 1997).

Therefore, we used the balloon-borne instrument LITOS (Leibniz Institute Turbulence Observations in
the Stratosphere) to acquire high-resolution turbulence profiles in tropopause folds (Schneider et al., 2017;
Theuerkauf et al., 2011). It infers kinetic energy dissipation rates from velocity fluctuations by fitting the
Taylor microscale that separates the inertial from the viscous subrange of turbulence (Liibken, 1992; Hei-
senberg, 1948). For this study, we use the latest version of the instrument measuring on a descending bal-
loon in the unperturbed flow below the gondola. Thereby, we are able to avoid any influence from the
balloon’s wake (Kriuchi et al., 2016; Soder et al., 2019).

In summary, we will use our LITOS data to answer the following research question:

Is there observational evidence for the turbulence distribution proposed by Shapiro (1976) and if not, is
the observed structure in agreement with state-of-the-art interpretations of tropopause fold development?

We will give a brief description of the LITOS instrument flown together with a radiosonde as well as of the
operational weather forecast data used for the interpretation (Section 2). Thereafter, the meteorological
conditions of both tropopause fold observations are presented in Section 3. Furthermore, we discuss our
turbulence observations and compare them to other dissipation rate measurements in tropopause folds.
Furthermore, we relate our radiosonde measurements to the operational forecast (Section 4). As the main
part of this paper, we will assess the conditions that lead to turbulence in the ULJF as well as the influence
of turbulence on PV and tracer-tracer profiles in Section 5. Our study is summed up by a discussion of the
results and a conclusion (Sections 6 and 7, respectively).

2. Data and Methods
2.1. LITOS Turbulence Data

LITOS uses a constant temperature anemometer to measure turbulent fluctuations in the atmospheric ve-
locity field (Theuerkauf et al., 2011). We use two balloons for the ascent and cut one of them away at the top
altitude. The remaining balloon s filled such that the payload sinks down at approximately 5 m s™* (Krduchi
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et al., 2016). The gondola is located 120 m below the balloon and the sen-
sor measures in the unperturbed flow below the gondola, avoiding any
wake influence (Soder et al., 2019).

In order to retrieve the energy dissipation rate ¢, we divide the velocity
fluctuation measurement into time bins of 5 s, and calculate the power
spectral density (PSD) using a modified version of Welsh’s method (Attiv-
issimo et al., 2000). This corresponds to an altitude resolution of the tur-
bulence retrieval of approximately 25 m. As a first step, we automatically
detect the power of the instrumental noise for each time bin and subtract
it from the measured spectrum (small-scale end of the exemplary spec-
trum in Figure 1). Then we fit the Heisenberg (1948) spectrum of turbu-
lence to the spectral data. This model contains the Taylor microscale [,
as a free parameter, separating the inertial (slope —5/3) from the viscous
subrange (slope —7) of turbulence. Subsequently, the fit quality is scru-
tinized according to the following criteria to sort out nonturbulent and
technically distorted spectra:

The noise level detection must not fail

Figure 1. Exemplary spectrum of LITOS data from January 19, 2020,
10,927-10,944 m. PSD from raw data shown in blue together with fit
following the Heisenberg (1948) equation (solid red), inner scale I, (dashed
red), fit range (solid black) as well as slope of inertial (—5/3, light green)

v

Spatial scales / m

The fitting routine has to terminate

The width of the fit range has to be at least one order of magnitude
The Taylor microscale [, has to be within the fit range

The root mean square distance between the data and the fit must not
be larger than 0.3 orders of magnitude

6. The slope at the small-scale end of the fit range has to be at least —4

1072 107°

M

and viscous subrange (-7, light green). e denotes the retrieved energy o L
dissipation rate and v the kinematic viscosity. LITOS, Leibniz Institute Subsequently, all valid fits are used to calculate energy dissipation rates
Turbulence Observations in the Stratosphere; PSD, power spectral density. according to Liibken (1992) and Schneider (2015):

3
4V

€=Co— ey
ly

cp = 15.8 is a constant adapted to our measurement geometry, which is sensitive to one longitudinal and one
transversal direction (Schneider et al., 2017). v is the kinematic viscosity of the background flow calculated
according to NOAA (1976) from the radiosonde data (cf. Section 2.2). Figure 1 shows a typical example for
such a turbulent velocity spectrum from the data taken on January 19, 2020.

This implies that in the LITOS retrieval we regard those and only those cases as turbulent that allow for a
reliable determination of the dissipation rate e. These altitude bins are shown by a blue circle in the dissi-
pation rate profile shown in Figure 4. The measurement from January 19, 2020 has been performed with
a revised version of the instrument where the noise level of the electronics has been reduced by a factor of
four compared to the older version used on August 6, 2016. For a more detailed description of the dissipa-
tion rate retrieval, the quality control procedures, and a comparison with another turbulence measuring
instrument, please see Soder (2019).

Our technique of fitting the Taylor microscale [, only uses spatial scales smaller than 2 m, thereby avoiding
influences from turbulence, self-induced balloon motions, pendulum motions of the gondola, and internal
oscillations of the balloon (Scoggins, 1967; Soder, 2019; Tiefenau & Gebbeken, 1989). Furthermore, it only
relies on the spectral shape of the measurement data, not on the absolute value of the fluctuations, thereby
avoiding a complicated calibration (Theuerkauf et al., 2011; Xie et al., 2017).

At higher altitudes, constant temperature anemometer measurements may be affected by a damping of the
transfer function at high frequencies (Jorgensen, 2005; Li, 2004; Xie et al., 2017). Therefore, we restrict our
data evaluation to Knudsen number below Kn = 0.1 in order to avoid influences on the retrieved dissipation
rates (Soder, 2019). This corresponds to an altitude limit of approximately 17.5 km.
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2.2. Radiosonde Data

A Vaisala RS-41 radiosonde is mounted upside-down between the balloon and the gondola on the LITOS
instrument (Survo et al., 2014). We use it to retrieve wind, temperature, and humidity for the geophysical
part of our study and to calculate the kinematic viscosity according to NOAA (1976). The latter is used in
the LITOS retrieval (Theuerkauf et al., 2011). The temporal resolution of the data output is 1 s. The manu-
facturer of the radiosonde reports uncertainties in pressure, temperature, relative humidity and wind speed
of Ap = 1hPa, AT = 0.3 K, ARH = 4% and AU = 0.15 m s at the height of the tropopause. For pressure,
temperature and relative humidity the precision is half of the uncertainty, while it is not stated for wind
speed (Vaisala, 2018). Compared to standard measurements on ascending balloons, the sounding on de-
scent avoids influences on the radiosonde temperature and humidity measurement from the balloons wake
that is heated due to solar heating of the balloon’s skin (Krduchi et al., 2016; Soder et al., 2019; Tiefenau &
Gebbeken, 1989).

During the measurement of our first case, we lost data connection to the radiosonde on descent in an
altitude of 9,100 m due to obstacles in the line of sight from LITOS to the ground station. However, the
whole flight distance above ground was only 190 km, being short compared to typical along-front scales of
1,000 to 2,000 km (e.g., Keyser & Shapiro, 1986). Therefore, we took the upleg data for the altitude range
below 9,100 m. We do not expect any significant influence from our decision to combine descent and as-
cent data, which is reflected in a gap between the ascent and descent data of only T = 0.6 K, RH = 1.4 %,
and U = 1 m s~ .. The turbulence retrieval was not affected by this issue, because the LITOS data are stored
on-board.

2.3. Operational Forecast Data

The Integrated Forecast System (IFS) of the European Center for Medium-Range Weather Forecasts (EC-
MWF) is used for two-dimensional plots of the meteorological conditions. The IFS is a global, hydrostatic
numerical weather prediction model. The calculations are done on a T1279 spectral grid (equal to about
0.073° grid spacing) with hybrid sigma-pressure levels. For our study, we use the HRES output, cycle 45r1.
It provides hourly forecasts on 137 pressure levels with a horizontal resolution of 0.25°. In the target region,
this corresponds to a latitudinal grid spacing of 28 km and a longitudinal grid spacing of 17 km. The vertical
resolution at the height of the jet cores is about 290 m.

IFS fields are compared to radiosonde data measured on the LITOS payload (not assimilated in the forecast).
For this comparison, the forecast time closest to the measurement is chosen and the model data are linearly
interpolated in space onto the flight path of the LITOS instrument.

In this study, we use an iso-surface of potential vorticity (PV) as the dynamical tropopause (Hoskins
et al., 1985). PV is defined as:

PV = —g(&, + f)00 1 op, )

where g denotes gravitational acceleration, ¢ the relative vorticity on potential temperature isosurfaces, f
the planetary vorticity, and 66/0p the pressure gradient of potential temperature. In the literature, values for
the dynamical tropopause vary from 1 PVU to 4 PVU (1 PVU 210K m” kg™' s™"). We use a threshold of 2
PVU in order to be consistent with several publications (e.g., Holton et al., 1995; Pan et al., 2007; Spreitzer
et al., 2019; Woiwode et al., 2018).

3. Meteorological Conditions

Both LITOS measurements where performed above Northern Germany. After being launched at the Insti-
tute of Atmospheric Physics in Kiihlungsborn (IAP), the balloon drifted mainly south-westward on January
19, 2020 (south-eastward on August 6, 2016) and the measurement phase lasted from 15:14 UT to 17:04
UT (14:01 UT to 15:31 UT). In order to visualize the meteorological conditions during both measurements,
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Figure 2. (a) Map of horizontal wind speed at 10 km altitude on January 19, 2020, 16 UT from the IFS (deep-fold case).
Stream-lines of the horizontal wind are given in blue. (b) Same for the measurement from August 6, 2016 (medium-
fold case, IFS: 15 UT). (c and d) Same as above, but showing a longitudinal section of the IFS data at the latitude,

where the balloon crossed the tropopause fold (53.05°N for deep-fold and 53.48°N for the medium fold case). Potential
temperature is shown by dotted isolines, the dynamical tropopause at 2 PVU by a solid black line. In all panels, the
LITOS flight path is denoted by a solid white line. All colorbars used in this study are given by Crameri et al. (2020).

wind speed, lines of constant potential temperature (isentropes) and the height of the dynamical tropo-
pause as given in the IFS are shown in Figure 2 for 16:00 UT (15:00 UT).

The synoptic situation during both LITOS campaigns is driven by the evolution of a baroclinic wave. Here
we give a brief summary of a subjective analysis in the supporting information: The 2020 case is associated
with a Rossby wave breaking event inducing strong tropospheric jets (80-90 m s™") and a far northward
extension of the ridge (70°N to 73°N). This supposes a strong import of stratospheric air at the eastern
flank of the ridge. The tropopause fold reaches as low as 4.0 km and can be classified as deep (Skerlak
et al., 2015; Sprenger et al., 2003). The 2016 event Rossby wave breaking event is weaker: this regards the
jet speed (40-50 m s7), the extension of the ridge (63°N to 70°N) and the tropopause fold that is classified
as medium. The measurement took place in the jet exit region south-westward of a trough. Plots support-
ing these classifications and further details of the upper-level jet-front systems (ULJFs) are shown in the
Figures S1-54.
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Figure 3. Same as Figures 2c and 2d, but showing potential vorticity from the IFS. Lines of constant wind speed are
marked in dashed black, the dynamical tropopause in solid black (2 PVU). IFS, integrated forecast system.

Both cases show a narrowing and tilting of the isentropes above the jet as well as below (Figures 2c and 2d).
These areas are the lower stratospheric (LS) and the upper tropospheric (UT) front associated with the ULJF
(Lang & Martin, 2012; Shapiro, 1981). They are characterized by strong horizontal temperature and vertical
wind gradients as well as by static stability (Keyser & Shapiro, 1986). While the dynamical tropopause on
the anticyclonic (western) side of the jet is at about 13 km altitude, it comes down to about 6 km on the
cyclonic (eastern) side while its height increases again further to the east.

According to Lang and Martin (2012), ULJFs follow a distinct life cycle, depending on their location in the
baroclinic wave. Both measurements discussed in this study were located on the eastern side of a ridge.
Lang and Martin (2012) found for this location of ULJFs the LS front to have stronger gradients than the UT
front at the beginning of the development. The resulting ageostrophic circulation acts frontolytic in the LS
front and frontogenetic in the UT front according to Lang and Martin (2012). This leads to an earlier decay
of the LS front compared to the UT front.

For our case from January 19, 2020 frontal gradients in the ULJF are seen in the IFS to last for several 10 h
after the measurement (Figure S5). Gradients were increasing in the UT front and decreasing in the LS front
on time scales of a few hours. Conversely, on August 6, 2016 most of the frontal features vanished within 12 h
after the sounding (Figure S6). Furthermore, the IFS shows stronger gradients in the UT front compared to
the LS front. For a discussion of the frontal gradients as measured by the radiosonde, please see Section 5.1.

In both cases that are discussed here a submersion of PV rich stratospheric air under the jet from the cyclon-
ic side of the baroclinic wave is observed (Figure 3). The tongue of stratospheric air reaches down to alti-
tudes of about 4 km in the deep-fold case and 6 km in the medium fold case at the time of our measurement.

In many cases, tropopause folds have been observed to be accompanied by gravity waves generated from
imbalances in the large-scale flow (Koch et al., 2005; Zhang, 2004; Ziilicke & Peters, 2006) or flow over to-
pography (Woiwode et al., 2018). In our cases however, no significant gravity wave activity is seen neither in
the IFS data nor in the radiosonde measurements (presented in Section 4.2).

4. In Situ Measurements
4.1. Turbulence Measurements

The most prominent feature of both the deep-fold case (January 19, 2020) and the medium-fold case (Au-
gust 6, 2016) is a peak in dissipation rate centered around 10.4 and 11.2 km altitude, respectively. Both
profiles are shown in Figure 4, with peaks located in the shear zone above the jet (centered around 9.5 km
altitude) within the LS front.
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Figure 4. (a) Turbulence profile from January 19, 2020 (deep-fold case). (b) Turbulence profile from August 6, 2016
(medium-fold case). Both: each blue circle marks a turbulent altitude bin, the solid black line a 2 km running average
and the solid green line shows the wind speed for reference. Color shading indicates light, moderate, and severe
turbulence (yellow, orange, and red) according to ICAO (2018), as well as the height of the dissipation rate peak (green)
and the height of the stratospheric intrusion (gray). Turbulence measurements under similar conditions are taken from
Reid and Vaughan (2004, black star), Cho et al. (1999, magenta star), and Kennedy and Shapiro (1980, cyan stars).

In the deep-fold case (Figure 4a), the peak dissipation rate reached ~1,000 mW kg™'. This dissipation
strength corresponds to severe turbulence encounters in the classification of ICAO (2018). There is a sharp
transition from the low dissipation rates underneath the jet (~0.1 mW kg™) to the LS peak. In contrast,
the upper edge of this peak shows a smooth decay of dissipation rates down to ~0.1 mW kg™' within 4 km.
Furthermore, there is a slight enhancement in dissipation rates below the jet in the UT front in altitudes
between 6 and 8 km up to light turbulence in the classification of ICAO (2018).

In the medium-fold case (Figure 4b), peak dissipation rates reached ~10 mW kg™", corresponding to mod-
erate turbulence encounters (ICAO, 2018). The shape of the dissipation peak was opposite to that measured
in the first campaign: sharp transition above the jet and a smooth one below. Furthermore, there is a light
peak around 14.3 km altitude, which could not be related to the meteorological situation. It may be decaying
turbulence that is advected from another place.

Quantitative turbulence soundings in the vicinity of tropopause folds are rare. For comparison, reported
dissipation rates are plotted along with the LITOS measurement in Figure 4. Reid and Vaughan (2004)
examined a tropopause fold where mixing by convection reaching into the frontal zone was observed
by radar and aircraft data. Both measurements revealed dissipation rates around 10 mW kg™'. Reid and
Vaughan (2004) furthermore examined turbulence in 16 tropopause folds without convection. They found
dissipation rates of less than 10 mW kg ™. Cho et al. (1999) as well as Kennedy and Shapiro (1980) used wind
in-situ measurements from research aircraft to deduce energy dissipation rates.

4.2. Comparison Between Radiosonde and Forecast Data

Figure 5 shows radiosonde data from the LITOS payload as well as IFS data interpolated onto the flight
path. This comparison is done in order to establish if and in which regions the IFS data agree with our ra-
diosonde data and can therefore be used for a quantitative comparison with the turbulence measurements.

For the deep-fold case (January 19, 2020, Figure 5a), IFS wind and potential temperature fields generally
show good agreement with the radiosonde measurements. Deviations are typically below +5 m s and 4 K,
respectively. Nevertheless, the vertical thickness of the tropopause jet is slightly overestimated in the IFS,
leading to deviations in wind speed of up to 20 m s~ at these altitudes. Furthermore, potential temperatures
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Figure 5. (a) Wind speed, potential temperature and relative humidity as measured by the radiosonde on board of
the LITOS payload during the deep-fold case (January 19, 2020, solid lines). Dashed lines show values from the IFS
interpolated to the flight path of the LITOS instrument. (c) Richardson numbers calculated from the radiosonde
(solid) and from the IFS (dashed). (e) Squared static stability (red) and squared wind shear (green) measured by the
radiosonde. (b, d, and f) Same as (a, ¢, and e), but for the medium-fold case (August 6, 2016). Gray color shading
indicates the altitude range of the stratospheric intrusion, green color shading that of the peak in dissipation rate
as marked in Figure 4. IFS, integrated forecast system; LITOS, Leibniz Institute Turbulence Observations in the

Stratosphere.
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differ by up to 9 K in the upper shear region of the jet. The humidity measurement agrees well with the
forecast, except for the altitudes directly above the tropopause. Here the model overestimates relative hu-
midity roughly by a factor of two. This is consistent with other studies finding a moist bias of the IFS in the
lowermost stratosphere compared to observations (Kaufmann et al., 2018; Woiwode et al., 2020). Below the
stratospheric intrusion some filamentation on vertical scales of about 1 km is poorly resolved by the IFS.

Likewise, the radiosonde measurement from the medium-fold case (August 6, 2016) is consistent with IFS
data in general (deviations below +5 m s™" and 3 K, respectively). However, the wind magnitude of the
tropopause jet is underestimated in the model by about 10 m s™'. Furthermore, the vertical extent of the
jet is slightly too small in the model, leading to a local underestimation of winds speeds by ~15 m s™". The
humidity from the model agrees well with the measurement on larger scales but does not reproduce strong
humidity filaments on vertical scales of ~1 km.

5. Role of Turbulence in the Tropopause Fold
5.1. Flow Stability in the Upper-Level Jet-Front System

In this study, Richardson numbers (Ri) are used to quantify the flow stability in the ULJF:

2
Ri = % 3

where N? is the squared Brunt-Vaisala frequency and S the squared vertical shear of the horizontal wind.
In order to avoid influences from measurement uncertainties, radiosonde data are smoothed using a 1 km
Hann weighted average prior to the calculation of Ri. This is similar to common radiosonde data treatments,
such as Kohma et al. (2019) using a low-pass filter with a cut-off length of 600 m.

In both observed cases the radiosonde measurement reveals a Ri minimum in the LS front, reaching
Ri = 0.21 in the deep-fold and Ri = 0.32 in the medium-fold case (cf. Figures 5c and 5d). Both values are
close to the classical criterion for dynamic instability of Ri < 0.25 (e.g., Werne & Fritts, 1999). In both UT
fronts the minimum Richardson number is about three times higher than in the LS front. This points into
the same direction as the LITOS measurements: in both cases turbulent dissipation rates in the LS front are
about three orders of magnitude higher compared to the UT front (Figure 4).

As mentioned above, we use IFS data to obtain sections of Ri and other variables. Therefore, Figure 5 also
shows a profile of Ri interpolated on the flight path in order to discuss the applicability of the model data.
For the deep-fold case, the IFS shows a picture similar to the measurement with Ri being twice as high
below the jet compared to above the jet. By contrast, during the medium-fold case Richardson numbers in
the IFS are slightly below the jet compared to above. This would be consistent with expectations by Lang
and Martin (2012) for the early and late development stages of ULJFs. However, Figure 5b reveals that this
discrepancy is caused by the IFS underestimating the magnitude of the wind speed in the jet and thereby
underestimating S* above the jet. Additional information on the time development of Ri in the IFS can be
found in Figures S5 and S6. Furthermore, it is noted that in both cases the minimum Richardson number of
the UT front is found at the top of the stratospheric intrusion.

Separating Ri into wind shear and static stability, we find for the deep-fold case that the shear in the LS front
is about three times larger than in the UT front, while this ratio is reduced to a factor of two in the medium
fold case (Figures 5c and 5d). For the medium-fold case, the static stability shows stratospheric values in the
intrusion, while it is less enhanced in the deep-fold case. Both cases show a strong gradient in static stability
across the dissipation rate peak.

5.2. Turbulence Driven Vertical Heat Fluxes

Turbulence acts on the frontal circulation by vertical flux of turbulent momentum F;, = w'U’ and potential

temperature Fp = w'®’ (Keyser & Shapiro, 1986; Shapiro, 1981). In order to stay consistent with the early
publications, we will define these vertical fluxes in altitude coordinates, while all derivatives are taken with
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Figure 6. (a) Longitudinal section of Richardson numbers taken from the IFS for the deep-fold case (January 19, 2020,
16 UT). The LITOS flight path is denoted by a solid black line, isentropes are shown in dashed black. Green ellipses
mark regions where increased vertical heat flux is expected with the corresponding temperature tendencies marked by
red plus and blue minus signs ([a] Shapiro, 1976, his Figure 18). (b) Same as Figure 4, but showing vertical eddy flux

of potential temperature for the deep-fold case (January 19, 2020). (c and d) Same as (a and b) but for the medium-fold
case (August 6, 2016, 15 UT). IFS, integrated forecast system; LITOS, Leibniz Institute Turbulence Observations in the
Stratosphere.

respect to pressure. Assuming stationary turbulence and neglecting third-order turbulent fluxes, the budget
of turbulent kinetic energy in a horizontally homogeneous environment is given by:

ou g
F,—+=F =¢ 4
Pguap 9 © 4

(e.g., Zilitinkevich et al., 2008, Equation 2). This takes into account turbulence generation by work against
the shear and by changes in potential energy through the potential temperature flux. The flux Richardson
number is given as the ratio of the buoyancy and the negative shear term of Equation 4:

R =L _To_
' pe . oU (5)
Uap

We may eliminate the mechanical work (Reynolds) term and find a relation between the potential temper-
ature flux and dissipation as

R
Fo=-——1-9; 6)
1-R, g

(Lilly et al., 1974; Osborn, 1980). Lilly et al. (1974) assumed Ry = 0.25, while Osborn (1980) argued from
oceanographic studies that steady state turbulence is characterized by Ry~ 0.15. Zilitinkevich et al. (2008)
have shown from a review of several experimental and numerical studies that the flux Richardson number
increases with Ri and asymptotically approaches 0.2 when Ri exceeds 0.25. This is the Ri range that occurred
in the turbulent shear zones sounded by LITOS (cf. Figure 5). However, the change in Ry results only in a
slight modification of Fg compared to the variation of e over several orders of magnitude. Therefore, we will
neglect this dependence and use R; = 0.15, corresponding to Ri = 0.25. Therewith, we can calculate eddy
fluxes of potential temperature from energy dissipation rates by:
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Figures 6a and 6¢ show the LS front and the UT front for both cases as expected in the literature (Keyser &
Shapiro, 1986; Lang & Martin, 2012). This means that reduced Ri are found in the shear zones, which hints
at the occurrence of turbulence in these regions. The plus and minus signs indicate heating and cooling due
to the expected turbulent redistribution of potential temperature according to

— =g—(pFo) (8)

(Keyser & Shapiro, 1986).

The eddy heat flux derived from the LITOS dissipation rate measurement according to Equation 7 shows a
different picture however: we only find significantly enhanced values in the LS front (Figures 6b and 6c).
This is matching with the radiosonde measurement showing lower Ri for both cases in the LS front com-
pared to the UT front, contrary to Ri in the IFS (cf. Section 5.1).
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Figure 7. Left: PV source function derived from LITOS measurement and IFS data according to Equation 10 for the
deep-fold case (January 19, 2020, [a]) and the medium-fold case (August 6, 2016, [c]). Right: Potential vorticity in the
IFS interpolated on the LITOS flight path for the deep-fold case (b) and the medium-fold case (d). All: color shading

showing turbulence peak in green and stratospheric intrusion in gray as in Figure 5. IFS, integrated forecast system;

LITOS, Leibniz Institute Turbulence Observations in the Stratosphere; PV, potential vorticity.
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Figure 8. Tracer-tracer correlation of ozone and water vapor along the LITOS flight path for the deep-fold case
(January 19, 2020, [a]) and for the medium-fold case (August 6, 2016, [b]). Water vapor data are taken from the
radiosonde measurement, ozone from the IFS. Dashed black lines mark the lower ozone and lower water vapor limits
of stratospheric and tropospheric air masses, respectively (ozone > 65 ppbv, water vapor > 12 ppmv). All: Crosses
mark the height range of the turbulent peak in the LS shear zone, black circles that of the stratospheric intrusion

(cf. Figure 5). The inset in (a) is made in order to enhance visibility of low trace gas concentrations in the tropopause
region. IFS, integrated forecast system; LITOS, Leibniz Institute Turbulence Observations in the Stratosphere.

5.3. PV Modification by Eddy Heat Flux Convergence

In order to allow for a quantitative comparison of turbulence induced PV changes with other studies, we
will use a concept developed by Shapiro (1976) to derive the source function for PV. Please note that in
contrast to Shapiro (1976) our definition of PV is multiplied by the gravitational constant g (Equation 2).

Generally, PV is a conserved quantity on isentropic surfaces for adiabatic and frictionless motions (Holton
et al., 1995; Hoskins et al., 1985). Neglecting diabatic and frictional heating, Shapiro (1976) found for the
continuity equation of PV:

v __d ® of(de
- gdt(§e+f)ap g(§9+f)ap(dt j ©)

Combining Equations 8 and 9 leads to the prognostic equation of PV changes due to turbulent heat flux:

dPV o
T x (gt f)a?(pF@) (10)

(Keyser & Shapiro, 1986). The final result is a relation between PV tendency and curvature of the dissipation
profile, transformed to geometrical coordinates:
. Ry 2%
dt yoi4 1-R 5 622

PV ©
— ~—( 11)

The turbulent PV modification obtained from the LITOS dissipation measurement on an isentropic coor-
dinate is shown in Figure 7. We use potential temperature as vertical axis in order to magnify the steady
increase in PV with potential temperature outside the folded structures as well as in order to be consistent
with Figure 8. For the calculation according to Equations 7 and 10 we use the smoothed dissipation rates
shown in Figure 4 and apply the same smoothing before each derivation in order to avoid influences of
small-scale instrumental or atmospheric fluctuations on the result. Absolute vorticities used in Equation 10
are taken from the IFS and have been interpolated on the LITOS flight path.
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The deep-fold case reveals a degenerate tripole structure with the lower positive peak being much weaker
than the upper positive one. Maximum PV production rates are located about 10 K above the turbulent peak
reaching 8 PVU h™' (Figure 7a). The medium-fold case is dominated by a tripole structure with the negative
pole located at the turbulent peak (Figure 7c). The maximum positive PV production rates are in the order
of 0.2 PVU h™'. Additionally, there is another tripole visible at a potential temperature level of 400 K, which
is one order of magnitude weaker than the one below. It is caused by the turbulent peak around 14 km
altitude (above the LS front) and will not be discussed further (c.f. Section 4.1). The degeneration of the
tripole structure in the deep-fold case occurs, because the sharp lower boundary of the dissipation rate peak
in combination with strongly changing static stability at the lower end of the peak minimized the lower
positive peak of the PV production function.

Figures 7b and 7d show PV from the IFS on an isentropic coordinate interpolated on the LITOS
flight path. In the extratropics, a steady increase of PV with potential temperature is expected (e.g.,
Hoskins, 1997). However, the IFS shows a different altitude profile of PV along the LITOS flight path:
For both cases, we find a tripole structured deviation in PV around the tropopause. It consists of a local
maximum above the turbulent peak reaching about 15 PVU (5 PVU) above the background for the deep
(medium) tropopause fold case. Furthermore, there is a local minimum around the height of the jet
core reaching tropospheric PV values and a second local maximum at the height of the stratospheric
intrusion.

These anomalies in the PV profiles can be caused by turbulence induced PV tendencies as well as by the
ageostrophic circulation around the jet. If they are thought to be caused by turbulence alone, one can es-
timate their development times from the ratio of the PV difference and the PV tendency. This suggests de-
velopment times of about one hour in the deep-fold case and more than 24 h in the medium-fold case. The
implications of these values will be discussed in Section 6.

From an NWP study using backward trajectories in the IFS, Spreitzer et al. (2019) also obtained a PV tripole
structure caused by turbulence in the vicinity of UT and LS fronts. They see turbulent PV production rates
up to 0.2 PVU h™ (their Figure 7). This corresponds well to our values from the medium-fold case, but is
more than one order of magnitude lower compared to the deep-fold case.

In another backward trajectory study using the Met Office Unified Model, Chagnon and Gray (2015) analyz-
ed the net diabatic PV change around the tropopause regardless of the underlying process. They retrieved
mean PV production rates of 0.03 PVU h™" over an interval of 36 h (their Figure 3c) and found a dipole
structure in PV around the tropopause, similar to our deep-fold case.

Similarly, Saffin et al. (2017) found a turbulence induced PV dipole structure across the tropopause. In their
NWP study, they observed PV dipoles of about +0.1 PVU for ridges. However, this is an average using three
months of forecast. Accordingly, the absolute value can hardly be compared to our case study.

Concerning our measured turbulent PV modification distribution (Figures 7a and 7c) and the PV profile in
the IFS (Figures 7b and 7d), we find different vertical extents of the tripoles: while the upper peak in our
observed turbulent PV production is at the same potential temperature as the upper local peak seen in the
IFS, the minimum and the lower peak in the IFS are extended to lower potential temperature.

In short, the observed PV tendencies match results obtained from model studies even though details are
different. This is probably the case, because our observed turbulence distribution is different to the classical
picture given by Shapiro (1976). For further discussion, please see Section 6.

5.4. Tracer Mixing Across the Tropopause Fold

In Figure 8, we show tracer-tracer correlations of water vapor and ozone to identify tropospheric and strat-
ospheric as well as mixed air masses across the tropopause fold similar to several aircraft-based case studies
(e.g., Gettelman et al., 2011). In contrast to those instruments the LITOS system measures humidity but
cannot retrieve other trace gases. Therefore, we correlate water vapor measurements with ozone values
from IFS data interpolated to the LITOS flight path.
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Following recent publications, we define tropospheric air masses as being characterized by H,O > 12 ppmv
and O; < 67 ppbv and stratospheric air masses by H,O < 12 ppmv and O; > 67 ppbv (Gettelman et al., 2011;
Pan et al., 2007; Woiwode et al., 2018). Consequently, mixed air masses are identified by H,O > 12 ppmv
and O; > 67 ppbv.

For the deep-fold case we find almost no mixed air masses. The dissipation rate peak is almost entirely lo-
cated in the stratospheric air mass, while a small portion is in the tropospheric air mass (inset of Figure 8a).
Therefore, this combination of measurement and forecast data does not reveal any mixing that has hap-
pened before the sounding. The intrusion partly contains mixed air masses, albeit with comparatively low
water vapor of H,O < 30 ppmv.

For the medium-fold case the picture is entirely different (Figure 8b). The turbulent peak is partly located
in stratospheric and partly in mixed air masses. The altitude band between the middle of the turbulent
peak and the lower edge of the stratospheric intrusion is completely mixed. Compared to other tropopause
fold studies such as Pan et al. (2007) and Woiwode et al. (2018) and the cases presented by Gettelman
et al. (2011), our medium-fold case shows higher water vapor abundance in the mixed region.

6. Discussion

In this section, we relate our results to experimental as well as modeling studies on turbulence measure-
ments and tropopause folds. In doing so, we focus on five main aspects:

* Techniques of the dissipation rate measurement

* Classification of measured dissipation rate values

* Geophysical interpretation of dissipation profiles across tropopause folds
* Turbulence induced PV tendencies

* Tracer-tracer correlations across the tropopause fold

Our method of retrieving dissipation rates relies on retrieving the Taylor microscale. The advantage in com-
parison to other techniques is that we do not rely on a complicated calibration of the instrument (e.g.,
Barat, 1982). Furthermore, we only use spatial scales between a few centimeters and 2 m, thereby avoiding
influences from self-induced balloon motions (Scoggins, 1965; Soder, 2019). On the other hand, our instru-
ment requires a higher signal-to-noise ratio due to the low magnitude of the velocity fluctuations at small
scales (e.g., Soder et al., 2019).

The deep-fold case shows peak dissipation rates as large as 1,000 mW kg™ '. This is the highest atmospheric
energy dissipation rate measured with the LITOS instrument so far. The value corresponds to severe turbu-
lence according to ICAO (2018). Their limits for light, medium, and severe turbulence as represented by color
shading in Figure 4 are similar to those from Sharman et al. (2014) that have been obtained for medium
sized aircraft. The value of 1,000 mW kg™! measured by LITOS is about half an order of magnitude larger
than the highest bin in the statistics for commercial aircraft by Sharman et al. (2014, their Figure 10). Ap-
plying a 2 km vertical smoothing, for example, reduces the measured dissipation rate peak to 100 mW kg™,
This underlines that high spatial resolutions are required to measure large dissipation rates caused by small-
scale turbulent structures in the tropopause fold.

Regarding the medium-fold case, the LS front reveals dissipation rates of approximately 10 mW kg™,
which is similar to former measurements performed in the UT front (Kennedy & Shapiro, 1975; Reid &
Vaughan, 2004). The dissipation in the UT front of our deep-fold case is comparable to Cho et al. (1999,
3 mW kg™"). Therefore, we conclude that our measured dissipation strengths are comparable to others ex-
cept the LS front of the deep-fold case, which shows exceptionally large dissipation rates (1,000 mW kg™).
Overall, a high level of turbulence was found as expected from the large-scale evolution of a breaking Ross-
by wave with far northern extend, a prominent jet streak and a deep tropopause fold.

More remarkable than the absolute energy dissipation rate is our measured turbulence distribution across
the tropopause fold: in both cases the dissipation rate in the LS front is about three orders of magnitude
larger than in the UT front. This is related to the Richardson numbers from our measurement: both cases
show lower Ri in the LS front. Unfortunately, this can only be compared to one further measurement from
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Kennedy and Shapiro (1980), which shows the opposite distribution compared to our case: weak dissipation
rates were found in both the LS front and the UT front, with slightly larger values in the UT front. All other
discussed measurements sounded the UT front only.

From the time evolution of the Richardson number as observed in the IFS, we find that on shorter time
scales of a few hours, gradients increased in the UT front of the deep-fold case after the measurement (Fig-
ure S5). Contrarily, they decreased in both fronts for the medium-fold case (Figure S6). According to Lang
and Martin (2012), this is a hint for a measurement in a comparatively early stage of the frontal develop-
ment and matches the measured turbulence distribution in the deep-fold case. However, this comparison
does neither match the turbulence distribution nor the measured Ri distribution for the medium-fold case,
in contrast to Ri from the IFS. Therefore, it highlights the need for more turbulence soundings, especially
in the LS front. Another issue is the understanding of turbulence and its dependence on environmental
conditions. We find a weak relation of enhanced dissipation with low Ri, but this does not explain changes
in dissipation rate by several orders of magnitude. A direct comparison of dissipation rates with Ri would
require an estimate of mixing lengths, which is not available from the LITOS instrument. Hence, more
observations are needed in combination with Lagrangian diagnostics for a complete account of the three-di-
mensional evolution of tropopause folds. This seems relevant, not least because these large dissipation rates
are a potential hazard to high flying passenger aircraft and need to be reliably predicted (Bramberger et al.,
2017; Koch et al., 2005; Sharman et al., 2012).

The importance of turbulence induced PV changes in tropopause fold generation as proposed by Shap-
iro (1976) has been confirmed by several model studies (Saffin et al., 2017; Shapiro, 1981; Spreitzer
et al., 2019). Spreitzer et al. (2019) are able to assign PV modifications to physical processes parameterized
in the IFS. They conclude that PV modifications on the stratospheric side of the tropopause fold are mainly
driven by shear induced turbulence, while cloud and convective processes had the largest impact on the
tropospheric side. This matches our observational findings: due to the lack of significant cloud-related con-
vection, there is hardly any turbulence in the UT front (clear sky conditions in the vicinity of both LITOS
soundings, data not shown here). This furthermore agrees with other observational turbulence studies in
tropopause folds: Cho et al. (1999) and Reid and Vaughan (2004) observed cloud related convective turbu-
lence in the UT front.

Regarding the tripole shape of the turbulence induced modification, our results confirm the IFS study by
Spreitzer et al. (2019). Also the magnitude of our calculated PV tripole in the medium-fold case agrees well
with their findings. For the deep-fold case however, the expected tripole has been deformed by the asym-
metric shape of the dissipation peak: strong gradients from above but weaker gradients from below. There-
fore, it looks similar to a dipole. Furthermore, we find PV tendencies one and a half orders of magnitude
larger than in the medium-fold case.

This is partly explained by the strength of our ULJF: we see PV deviations of about 15 PVU in the IFS for
our deep-fold case. This is one order of magnitude larger than the total PV change of about 1.5 PVU found
for the relevant region by Spreitzer et al. (2019, their Figure 7). Nevertheless, a time frame of only two hours
for the observed PV changes to be created seems small. Therefore, we assume that the dissipation rate has
lowered at a later stage in the frontal development, possibly induced by turbulence driven weakening of the
wind shear gradients. Unfortunately, this cannot be further affirmed, because a series of LITOS measure-
ments through tropopause folds is not available yet and a parcel backtracing analysis of the IFS data as done
by Spreitzer et al. (2019) would be outside the scope of this experimental study.

However, we like to point out that PV modifications do not only occur due to irreversible heating by turbu-
lent dissipation, but also due to reversible advection. Such processes can be indirectly seen in the PV data
of the medium fold case: The vertical extent of the tripole in the IFS is larger compared to what is expected
from the turbulence induced PV tendencies. This hints on PV advection by other processes acting remote
from the point of observation.

Nevertheless, our study provides observational evidence for the importance of turbulence to the PV struc-
ture in tropopause folds. Despite the low dissipation rates in both UT fronts sounded with LITOS, the
observed PV production functions of the turbulent zones in the LS front alone can explain the magnitude
of the PV deviations observed in the IFS.
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Generally, we obtain PV changes from energy dissipation rate using a fixed flux Richardson number of
Ry = 0.15 and neglecting frictional heating due to turbulence. From Zilitinkevich et al. (2008) we assume
that the fixed flux Richardson number results in a heat flux error of smaller than a factor of two for Ri > 0.1
(as fulfilled in our measurement, Figure 5). Furthermore, our calculation of PV tendencies neglects the
influence of frictional heating due to turbulent dissipation. This is done in accordance with Shapiro (1976),
who neglects all diabatic and frictional processes in his calculations. Our measurements suggest that fric-
tional turbulent heating is smaller than eddy flux heating by a factor of three at least. The PV tendency is
changed by 25% at most (data not shown). As our consideration of PV tendencies is only used to assess the
order of magnitude, we keep both approximations for simplicity.

Our tracer-tracer correlation for the medium-fold case shows that tropospheric and stratospheric air mass-
es are well mixed from the lowermost part of the stratospheric intrusion up to the turbulent peak in the
LS front. Such structures have been observed before in aircraft based studies of tropopause folds (Pan
et al., 2007; Ungermann et al., 2013; Woiwode et al., 2018). The observed mixing is even more remarkable,
as there was no significant turbulence present in the lower UT front, which could have two possible reasons:
First, turbulence might have existed in the UT front before and decayed before the sounding took place.
Second, the fine scale mixing may have primarily happened in the LS front and the mixed air masses been
advected to the lower altitudes by the ageostrophic circulation around the jet. This hypothesis is supported
by Ungermann et al. (2013) and Woiwode et al. (2018) finding narrow filaments in their trace gas distri-
butions within the stratospheric intrusion, thereby pointing to the importance of advective processes in
forming the stratospheric intrusion.

The tracer-tracer correlation for the deep-fold case on the other hand shows hardly any sign of mixing. This
could eventually be a consequence of our observation taking place early in the ULJF life cycle with Ri still
lowering in the IFS (Lang & Martin, 2012). However, this cannot be more than a hint, as Figure 5a reveals
that the IFS severely overestimates the measured relative humidity in this altitude region as found by other
studies (Kaufmann et al., 2018; Woiwode et al., 2020). Possibly, also the ozone concentrations from the IFS
used for the tracer-tracer correlation could be compromised. Therefore, combining LITOS with an ozone
sonde seems a worthwhile task for future field campaigns.

7. Conclusions

In this study, we used the ability of the LITOS instrument for high-resolution turbulence soundings within
tropopause folds. It allows us to evaluate two continuous vertical dissipation rate profiles: one through a
deep and one through a medium tropopause fold. Both where part of upper-level jet-front systems located
on the eastern side of a ridge above central Europe.

In the two cases, dissipation rates in the shear zone above the upper-level jet were about three orders of
magnitude larger compared to the shear zone below the jet. They reached 1,000 mW kg™ in the deep and
10 mW kg™ in the medium-fold case, corresponding to severe and moderate turbulence intensities. These
turbulence levels correspond very well to the development state of the baroclinic Rossby wave and the depth
of the tropopause fold.

The observed vertical structure of turbulence intensities matches with lower Richardson numbers meas-
ured by the radiosonde in the lower stratospheric (LS) front compared to the upper tropospheric (UT) front.
For the deep-fold case, this is also seen in the integrated forecast system (IFS). However, it is not seen in the
IFS for the medium-fold case due to an underestimation of the upper-level jet.

The observed dissipation rate peaks in the LS frontal zone are shown to cause a dipole (tripole) structured
PV modification in the deep (medium) tropopause fold case. Their absolute values correspond well to nu-
merical weather prediction studies in the literature, while they are about one order of magnitude larger
in the deep-fold case. This difference may be caused by the high spatiotemporal variability of turbulence,
which may not be fully resolved in operational weather forecasts.

Tracer-tracer correlations revealed a well-mixed transition layer in the medium-fold case, despite the lack
of turbulence in the UT front. This may be interpreted as advective transport of mixed air from the LS front
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into the stratospheric intrusion. For the deep-fold case, hardly any mixing was found from this analysis.
This points out the need for combined turbulence—trace gas measurements to avoid using forecast data
for this method.

Coming back to our research question on observational evidence for the turbulence pattern assumed by
Shapiro (1976): In contrast to the general picture, we find turbulence to be mainly constrained to the LS
front. However, our observations quantitatively confirm their picture of turbulent PV modification (Equa-
tion 10). Furthermore, they are in accordance with recent observational and numerical studies on PV mod-
ification and tracer fluctuations in tropopause folds. This may be taken as a hint that even in cases where
meteorological forecasts suggest turbulence to occur equally above and below the jet in a tropopause fold,
the real situation can be much different. Therefore, our understanding of the meteorological situation is
expected to benefit from further observational studies, which might also explore possible implications for
aviation safety.
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