
1.  Introduction
The occurrence of turbulence in the tropopause region is of general interest due to the safety hazard turbulence 
poses for aviation, as well as due to its impact on the distribution of atmospheric trace gases which can signif-
icantly modify the radiative budget not only locally but also at the Earth's surface (Forster & Shine,  1997). 
Uncertainties in the occurrence and significance of mixing processes at the tropopause on the resulting vertical 
distribution of trace gases like 𝐴𝐴 H2 O or 𝐴𝐴 O3 contribute significantly to the uncertainty of their climate impact (Riese 
et al., 2012).

Atmospheric turbulence generally occurs on spatial scales which are not explicitly resolved in numerical weather 
prediction (NWP) models. Model derived turbulence diagnostics are therefore based on spatial and/or temporal 
gradients in gridded NWP fields which are linked to the local or developing potential for flow instabilities to occur 
(Sharman et al., 2006). These can ultimately result in subgrid-scale turbulence through the downward cascade 
of energy. Clear air turbulence as one central turbulence category is commonly associated with dynamic shear 
instability in stably stratified flow as the underlying mechanism (Dutton & Panofsky, 1970). According to linear 
theory it can occur when the nondimensional gradient Richardson number 𝐴𝐴 𝐴𝐴𝐴𝐴 = 𝑁𝑁

2∕𝑆𝑆2 falls below a critical limit 
of 𝐴𝐴 𝐴𝐴𝐴𝐴𝑐𝑐 = 1∕4 (Miles, 1961). The dimensionless ratio is composed of the static stability 𝐴𝐴 𝐴𝐴

2 = 𝑔𝑔∕Θ ⋅ (𝜕𝜕Θ∕𝜕𝜕𝜕𝜕) and 
the vertical shear of the horizontal wind 𝐴𝐴 𝐴𝐴

2 = (𝜕𝜕𝜕𝜕∕𝜕𝜕𝜕𝜕)2 + (𝜕𝜕𝜕𝜕∕𝜕𝜕𝜕𝜕)2 , with Earth's gravitational acceleration 𝐴𝐴 𝐴𝐴 , the 
potential temperature 𝐴𝐴 Θ , and the horizontal wind components 𝐴𝐴 𝐴𝐴 and 𝐴𝐴 𝐴𝐴 . Based on the Richardson number criterion, 
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the large scale potential for dynamic instability and turbulence is prescribed by the mean stratification and the 
occurrence of atmospheric wind maxima.

In the upper troposphere and lower stratosphere (UTLS) the buoyant component is dominated by the transi-
tion from mean tropospheric stratification 𝐴𝐴 𝑁𝑁2

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 1 ⋅ 10−4 s−2 to the stably stratified stratosphere with 
𝐴𝐴 𝑁𝑁2

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 4 ⋅ 10−4 s−2 . The transition is marked by the tropopause, which can be defined either thermally as the 
lapse rate tropopause, (LRT, WMO (1957)) or dynamically (Hoskins et al., 1985), and which can be regarded 
as a quasi-impermeable surface between the troposphere and the stratosphere. Ultimately, only the presence 
of nonconservative processes like for example, turbulence can foster the exchange between these two adjacent 
atmospheric layers. While marking a conceptual barrier on the one hand, the tropopause is on the other hand 
specifically affected by processes which lead to strong wind shear along with an enhanced potential for turbulent 
mixing. In general this is caused by the link between the large scale temperature and wind profile through the 
thermal wind relation (Endlich & McLean, 1965), divergent outflow of ascending air at the tropopause (Trier 
et al., 2020), and gravity wave induced modification of 𝐴𝐴 𝐴𝐴

2 and 𝐴𝐴 𝐴𝐴
2 on a large spectrum of scales (Dunkerton, 1997; 

Sharman et al., 2012).

The interrelation between the sharpness of the tropopause and the occurrence of strong wind shear has been 
analyzed for different regions and seasons (Birner, 2006; Birner et al., 2002; Sunilkumar et al., 2015; Zhang 
et  al.,  2015,  2019) and recently based on a comprehensive ECMWF (European Center for Medium-Range 
Weather Forecast) ERA5 atmospheric reanalysis data set (Kaluza et al., 2021). The ERA5 revealed among others 
a distinct occurrence frequency maximum for strong vertical wind shear at the tropopause in the North Atlantic 
storm track region, which peaks during winter along with the maximum meridional baroclinicity and polarfront 
jet stream strength.

The comparatively low tropopause altitudes during winter have the consequence that the common cruise alti-
tudes for commercial aircraft in the North Atlantic Organized Track System are situated in the UTLS. Several 
commercial airlines nowadays have implemented turbulence measurements into their reporting system for mete-
orological data. In this context the 𝐴𝐴 EDR = 𝜖𝜖

1∕3 as a measure for the eddy dissipation rate 𝐴𝐴 𝐴𝐴 is becoming the 
aircraft-independent standard measure (Sharman et al., 2014). In this study we use these turbulence observations 
along with ERA5 reanalysis data to address the following question: What is the implication of the occurrence 
frequency maximum of enhanced wind shear above the tropopause (Kaluza et al., 2021) for the vertical distri-
bution of dynamic instability and atmospheric turbulence? We will focus on the North Atlantic winter season 
UTLS, where comprehensive turbulence reports are available.

2.  Data and Methods
The analysis is based on automated turbulence reports for three winter seasons (DJF) from December 2016 
to February 2019 over the North Atlantic (𝐴𝐴 60

◦ W–𝐴𝐴 0
◦ W, 𝐴𝐴 35

◦ N–𝐴𝐴 60
◦ N). The turbulence reports are provided 

by several airlines (American, Delta, Federal Express, Northwest, United, and United Parcel Service) which 
downlink the data either routinely every minute or at larger time intervals with additional “triggered” reports 
above a certain EDR threshold (Sharman et al., 2014). The measurements used in this study are report time, 
geographic location, static air pressure and 1 minute peak EDR. The Meteorological Assimilation Data Ingest 
System applies a set of internal consistency checks to the measurements. We separate out reports where the 
location (altitude/latitude/longitude) of the airplane is flagged as either questioned or rejected. Spatio-temporal 
matching of the almost 𝐴𝐴 2.1 ⋅ 10

6 remaining EDR reports with ERA5 gridded data is achieved through near-
est neighbor search in the horizontal, and linear interpolation in the vertical using pressure as well as linear 
interpolation in time. A detailed description of the reporting technique and the quality control is given in the 
Supporting Information S1.

The ECMWF ERA5 reanalysis fields are analyzed on a regular 𝐴𝐴 0.25
◦ latitude-longitude grid, native vertical 

hybrid sigma-pressure levels, and a time resolution of 1 hour (Hersbach et al., 2020). Turbulence diagnostics and 
their constituents are computed as outlined in Sharman et al. (2006). The LRT altitude is determined following 
the definition of the WMO (1957), and as dynamic tropopause we use the uppermost level where the potential 
vorticity equals 𝐴𝐴 𝐴𝐴 = 2 pvu (Hoskins et al., 1985).
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This study also includes In-service Aircraft for a Global Observing System (IAGOS, Petzold et al., 2015) data. 
About 420 flight hours of carbon monoxide (CO) measurements from the IAGOS-CORE data set for the three 
winter seasons over the North Atlantic are selected and matched with ERA5 gridded data in order to assign a 
local tropopause altitude.

3.  Turbulence Reports and Model Diagnostics in a Tropopause-Relative Framework
The vertical distribution of all turbulence reports reflects the common cruise altitudes in the North Atlantic 
Organized Track System (Figure 1a). The data set represents both upper tropospheric as well as lower strato-
spheric turbulence statistics. According to the associated relative vertical EDR distribution turbulence occurs 
most frequently at high altitudes in the UTLS, with maximum occurrence frequencies at highest altitudes around 
12 km. The analysis of the turbulence reports based on the local vertical distance from the LRT (Figure 1e) 
results in a unimodal distribution which peaks at about 1 km below the LRT. The occurrence frequency maximum 
decreases gradually over the first 1–2 km above the LRT. In potential temperature coordinates the maximum is 
located within the first 5 K below the LRT (Figure 1i) and decreases over a range of 20–30 K in the stratosphere 
(Hoor et al., 2004), in the region of closely spaced isentropic layers associated with the tropopause inversion layer 
(TIL) above the LRT (Birner et al., 2002).

The 2d-histogram of static stability 𝐴𝐴 𝐴𝐴
2 over the North Atlantic (Figure 1b) exhibits a unimodal distribution in 

the middle troposphere, with maximum occurrence frequencies at 𝐴𝐴 𝑁𝑁2
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 1 ⋅ 10−4 s−2 . In the UTLS the distri-

bution becomes bimodal with a second maximum at 𝐴𝐴 𝑁𝑁2
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 4 ⋅ 10−4 s−2 , indicating the tropopause variability. 

Figure 1.  Vertical distribution of EDR reports and associated ERA5 turbulence diagnostics for the three analyzed DJF 
seasons over the North Atlantic. Relative occurrence frequencies within each altitude bin, logarithmic color scale. Top panels 
in a surface-based vertical framework (𝐴𝐴 𝐴𝐴 , in km), middle and bottom panels in a framework based on the local distance from 
the lapse rate tropopause (LRT) in geometric height (𝐴𝐴 𝐴𝐴𝐴𝐴 , in km) and potential temperature (𝐴𝐴 𝐴𝐴Θ , in K). Horizontal black 
dashed lines indicate mean LRT altitude. First column shows EDR (in 𝐴𝐴 m2∕3s−1 ) as well as the vertical distribution of all 
turbulence reports (zero and nonzero, solid black line and upper logarithmic scale). Second column shows static stability (𝐴𝐴 𝐴𝐴

2 
in 𝐴𝐴 s−2 ) with the tropopause inversion layer (TIL) marked by the dash-dotted lines, third column vertical wind shear (𝐴𝐴 𝐴𝐴

2 in 𝐴𝐴 s−2 ), 
and fourth column the logarithm of the Richardson number with the critical value 𝐴𝐴 𝐴𝐴𝐴𝐴𝑐𝑐 = 1∕4 indicated by the vertical line.
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The distribution of vertical wind shear 𝐴𝐴 𝐴𝐴
2 (Figure 1c) broadens with increasing altitude toward larger values, 

with maximum wind shear in the lower stratosphere where it can be sustained by the larger stratification. Using 
the LRT as a reference level takes the tropopause variability into account and reveals the TIL above the LRT 
(Figure 1f). Peak vertical wind shear (Figure 1g) is now strongly concentrated in a distinct layer above the LRT 
(Kaluza et al., 2021).

The resulting Richardson number distribution in surface-based vertical coordinates (Figure 1d) shows little vari-
ability over the depicted altitude range. In the tropopause-based framework (Figure 1h) a clear break is evident at 
the LRT. In the troposphere, low and subcritical Richardson numbers are evident within the logarithmic frequency 
range displayed. In the stratosphere this is no longer the case which indicates overall larger dynamic stability in 
the stratosphere, under consideration of the following two caveats. On one hand the model-based bulk Richardson 
numbers underrepresent the occurrence of low Richardson numbers at subgrid scales. On the other hand Schäfler 
et al. (2020) recently showed a systematic underestimation of vertical wind shear near the tropopause in the IFS, 
rendering our results to be rather conservative in the occurrence frequency with respect to shear instabilities in 
this region. Subcritical Richardson numbers and dynamic instabilities above the tropopause have been observed 
and analyzed (e.g., Kunkel et al., 2019; Trier et al., 2020; Whiteway et al., 2004). However, NWP models gener-
ally do not fully resolve the underlaying momentum and temperature gradients.

The comparatively frequent occurrence of turbulence within the first few kilometers above the LRT (Figure 1e) 
cannot be associated with subcritical Richardson numbers in the ERA5 (Figure 1h). Therefore we resort to the 
TI1 (Ellrod & Knapp, 1992), a well established turbulence diagnostic which combines vertical wind shear with 
the total flow deformation. The forecast skill of the flow deformation as a turbulence diagnostic has been linked 
to frontogenesis and thermal wind shear enhancement (Ellrod & Knapp, 1992), local gravity wave activity (e.g., 
Kunkel et al., 2014), and gravity wave excitation based on Lighthill-Ford theory (Knox et al., 2008). The vertical 
distribution of both the flow deformation (Figure 2a) as well as the TI1 (Figure 2b) exhibits little variability from 
5 to 12.5 km altitude in the surface-based vertical framework. A lognormal fit over the vertically averaged TI1 
distribution within this altitude range results in fit parameters 𝐴𝐴 𝐴𝐴ln(𝑇𝑇 𝑇𝑇1) = −15.13 (mean) and 𝐴𝐴 𝐴𝐴ln(𝑇𝑇 𝑇𝑇1) = 1.09 (stand-
ard deviation). Our results are thus of the same order as those reported by Sharman and Pearson (2017) (compare 
their Figure 1) and Bechtold et al. (2021) (𝐴𝐴 𝐴𝐴ln(𝑇𝑇 𝑇𝑇1) = −15.4 , 𝐴𝐴 𝐴𝐴ln(𝑇𝑇 𝑇𝑇1) = 1.25 ). Differences arise from the different 
numerical models, region, season, and altitude range. Figure 2e shows a distinct maximum for the TI1 around the 
LRT in the tropopause-based vertical framework, which is composed of enhanced values of the flow deformation 
(Figure 2d) as well as the distinct wind shear maximum (Figure 1g). This indicates that the lognormal mapping 
of the vertically averaged TI1 onto the climatological EDR distribution likely results in an overprediction of 
turbulence at the LRT.

Our study is closely related to a group of observational studies that examined mixing in the vicinity of the trop-
opause using tracer relationships (Fischer et al., 2000; Hoor et al., 2002; Zahn et al., 2000). In particular, using 
the 𝐴𝐴 O3-CO relationship in the midlatitude tropopause region, Fischer et al. (2000) and Hoor et al. (2002) have 
concluded that a mixing layer is formed in the lowermost stratosphere right above the tropopause, as a result of 
troposphere to stratosphere transport. This mixing layer has later been referred to as the extratropical transition 
layer (ExTL) between troposphere and stratosphere (WMO, 2003). The CO measurements from the IAGOS data 
set are presented to illustrate the assumed link between turbulent mixing at the tropopause and the ExTL. The 
CO mixing ratio in the surface-based framework includes both tropospheric CO variability and tropopause vari-
ability (Figure 2c). Since the CO gradient changes at the tropopause, the tropopause-based framework accounts 
for the latter source of variability (Figure 2f). The distribution is now characterized by large variability in the 
troposphere, a transition region around the LRT with a pronounced vertical gradient along with a decreasing 
spread, and ultimately a vanishing vertical gradient and low spread as the mixing ratios approach stratospheric 
source-sink equilibrium. Enhanced CO variability as well as a pronounced vertical gradient are evident within the 
first 1–2 km above the LRT. The bottom panels in Figures 1 and 2 display all observational and model derived 
measures in an LRT-based framework with the potential temperature difference 𝐴𝐴 𝐴𝐴Θ as the vertical coordinate. 
Focusing on the stratospheric part, this is done to show the general link between turbulence reports, model 
diagnostics, and trace gas distribution in 𝐴𝐴 Θ-space. The vertical extent of the ExTL is often analyzed in potential 
temperature coordinates, to link conservation properties of trace gases under adiabatic motion with the vertical 
distribution in the UTLS. Although the data sets (AMDAR/IAGOS) are not directly linked, they exemplify how 
the formation and maintenance of the ExTL is likely linked to the vertical turbulence distribution.
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4.  ERA5 Turbulence Diagnostics at EDR Report Locations
Section 3 summarized fundamental differences in the background distribution of a set of turbulence diagnostics 
between the troposphere and the stratosphere. This motivates to validate these diagnostics at EDR report loca-
tions individually for both atmospheric layers. The number of nonzero turbulence reports decreases exponentially 
with increasing EDR (Figures 3a and 3d), which should be taken into account in the discussion of the statistical 
significance of the top end EDR values.

In the troposphere, turbulence occurs within a wide range of static stability according to the ERA5 (Figure 3d). At 
comparatively low EDR around 𝐴𝐴 0.1m2∕3s−1 the 𝐴𝐴 𝐴𝐴

2 distribution broadens at the lower end, indicating a tendency 
toward convective instability (actual convective instability, if resolved, is neglected due to the logarithmic scale). 
With increasing EDR the 𝐴𝐴 𝐴𝐴

2 distribution converges at larger values, as does the vertical wind shear (Figure 3e). 
This could indicate an increased relevance of shear instability in stably stratified flow for stronger turbulence. The 
associated Richardson numbers rarely fall below the critical threshold (Figure 3f), however, previous studies have 
shown that the IFS is only capable to resolve bulk Richardson numbers of the order of 1 for observed dynamic 
instability in the UTLS (e.g., Kunkel et al., 2019). A systematic underestimation of strong vertical wind shear 
in the IFS should also be considered, particularly in the tropopause region (Schäfler et al., 2020) where strong 
turbulence is most common (Figure 1e). Still, other processes like the dissipation of non-resolved gravity waves 
or local convective instability cannot be ruled out as additional sources for the encountered turbulence.

In the stratosphere the Richardson number distribution is shifted toward even larger values (Figure 3c). It peaks 
at about 𝐴𝐴 𝐴𝐴𝐴𝐴 = 1 with a negligible percentage of subcritical Richardson numbers, in agreement with the results 
discussed in Section 3. The static stability exhibits a narrow distribution (Figure 3a) which peaks at the strato-
spheric background of 𝐴𝐴 𝐴𝐴

2 = 4 ⋅ 10−4 s−2 . The vertical wind shear shows enhanced values over the whole range 

Figure 2.  Continuation of Figure 1. First column shows the natural logarithm of the flow deformation calculated as in 
Sharman et al. (2006), and second column the TI1 index. The vertical solid and dashed black lines indicate 𝐴𝐴 𝐴𝐴ln(𝑇𝑇 𝑇𝑇1) and 𝐴𝐴 𝐴𝐴ln(𝑇𝑇 𝑇𝑇1) 
as derived for upper flight level. The third column shows boxplots of the vertical distribution and variability of the in-service 
aircraft for a global observing system (IAGOS) carbon monoxide measurements for the same region and seasons as the 
turbulence reports.

 19448007, 2022, 20, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
100036 by U

niversitätsbibliothek M
ainz, W

iley O
nline L

ibrary on [15/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geophysical Research Letters

KALUZA ET AL.

10.1029/2022GL100036

6 of 9

of nonzero EDR bins (Figure 3b), compared to the nonturbulent background which is indicated by the lowest 
EDR bin. However, using wind shear alone as a quantitative diagnostic for turbulence is limited, since the 𝐴𝐴 𝐴𝐴

2 
distribution does not change significantly for 𝐴𝐴 EDR ≥ 0.05m2∕3s−1 . Nevertheless, we expect that the wind shear 
is underestimated in this region due to the limited vertical resolution as well as to the missing representation of 
(dissipating) gravity waves. Thus, we expect that dynamic instability is a major contributor for turbulence gener-
ation in the lower stratosphere. Additionally, the flow deformation shows enhanced values at turbulent events in 
both troposphere and stratosphere (see Figures 4a and 4d and following the analysis in Section 3). This has conse-
quences for the TI1 distribution (Figures 4b and 4e). For nonzero EDR the TI1 reaches enhanced values and thus 
indicates the presence of turbulence. The correlation between EDR and TI1 is more pronounced compared to the 
ones with vertical wind shear or flow deformation. However, the distribution within each EDR bin remains wide 
compared to the slope, indicating the limitations in using the TI1 from ERA5 as a turbulence intensity diagnostic.

The previous analysis showed that strong vertical wind shear directly above the LRT contributes significantly to 
the comparatively frequent occurrence of turbulence in the stably stratified lower stratosphere. Kaluza et al. (2021) 
linked the occurrence of the tropopause wind shear layer over the North Atlantic with above-average potential 
temperatures 𝐴𝐴 Θ(𝑄𝑄 = 2 pvu) at the dynamic tropopause, and thus, with ridges of Rossby waves reaching far to the 
north. The turbulence reports for the three analyzed winter seasons indicate that turbulence in the UTLS is in a 
similar way linked to the location of the dynamic tropopause. The occurrence frequency for turbulence directly 
above the LRT increases with 𝐴𝐴 Θ(𝑄𝑄 = 2 pvu) (Figure 4c), where for example, turbulence within the whole meas-
ured EDR range is about an order of magnitude more common in regions with 𝐴𝐴 Θ(𝑄𝑄 = 2 pvu) = 330 K compared 
to 𝐴𝐴 Θ(𝑄𝑄 = 2 pvu) = 300 K. A similar but more gradual increase is evident for turbulence within the first 2 km 
below the LRT (Figure 4f). So in summary, while Figure 1e identified turbulence in the UTLS to be primarily a 
tropopause-bound feature, the analysis in this paragraph further specified that it is particularly associated with 
elevated tropopauses.

Figure 3.  Spatio-temporal matching of turbulence diagnostics from ERA5 at EDR report locations. Relative occurrence 
frequency normalized within each EDR bin, in logarithmic color scale. Bottom panels show tropospheric (below the LRT) 
and top panels stratospheric (above the LRT) turbulence reports. Panels (a) and (d) show static stability 𝐴𝐴 𝐴𝐴

2 (in 𝐴𝐴 s−2 ) and 
the distribution of measured EDR (absolute count, solid black line and exponential top scale). Panels (b) and (e) show 
vertical wind shear 𝐴𝐴 𝐴𝐴

2 (in 𝐴𝐴 s−2 ), and panels (c) and (f) the logarithm of the Richardson number. Vertical dashed lines indicate 
𝐴𝐴 𝐴𝐴

2 = 4 ⋅ 10−4 s−2 , 𝐴𝐴 𝐴𝐴
2 = 4 ⋅ 10−4 s−2 and 𝐴𝐴 𝐴𝐴𝐴𝐴𝑐𝑐 = 1∕4 .
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5.  Summary and Discussion
This study highlights the importance of the tropopause location for the occurrence of turbulence, based on the 
analysis of turbulence reports and associated model derived turbulence diagnostics. The analysis of the turbu-
lence reports in a tropopause-based vertical framework reveals a unimodal occurrence frequency distribution, 
which peaks about one km below the LRT, and decreases gradually in the lower stratosphere within a layer that 
follows the tropopause.

On the basis of chemical composition gradients this region has been defined as the ExTL, which exhibits both 
stratospheric as well as tropospheric characteristics due to stratosphere-troposphere exchange and mixing 
processes. The associated separation of a mixed layer from the stratosphere above has been attributed to a distinct 
change in transport timescales (Berthet et al., 2007; Hoor et al., 2010). The present study highlights the impor-
tance of turbulence occurrence as a highly transient, but frequent mixing process at the extratropical tropopause. 
As such it may play a crucial role for the formation and maintenance of the ExTL (Konopka & Pan, 2012), aside 
from other processes like convective injection (Homeyer et al., 2014) or radiatively induced PV modification 
along with STE (Zierl & Wirth, 1997).

Furthermore, the analysis provides insight into the vertical distribution of turbulence and the underlying atmos-
pheric flow features at flight levels between 5 and 12.5 km altitude. It indicates a significant contribution of 
strong vertical wind shear at the tropopause for the generation of stratospheric turbulence over the winter North 
Atlantic storm track region. In this area the wind shear is closely linked to the baroclinic wave activity along 
with the associated tropopause variability (Kaluza et al., 2021). Further research should address the question of 
seasonal and geographical differences in the turbulence occurrence in a tropopause-relative framework, as well 
as its variability over a vertical range that is not limited to commercial airline cruise altitudes.

The separate analysis of tropospheric and stratospheric turbulence encounters indicates the varying importance 
of convective and dynamic instability as turbulence generating processes, and provides further insight into the 
deficit of numerical models to resolve these processes. It furthermore reveals structures in the tropopause-relative 

Figure 4.  Continuation of Figure 3. Panels (a) and (d) show the natural logarithm of the total flow deformation. Panel (b) 
and (e) show the TI1 index. The vertical solid and dashed black lines indicate 𝐴𝐴 𝐴𝐴ln(𝑇𝑇 𝑇𝑇1) and 𝐴𝐴 𝐴𝐴ln(𝑇𝑇 𝑇𝑇1) as derived in Section 3. 
Panel (c) shows the measured EDR occurrence frequency distribution within the first 1 km above the LRT depending on 
the potential temperature 𝐴𝐴 Θ(𝑄𝑄 = 2 pvu) at the local dynamic tropopause. Note the increasing occurrence frequency with 
increasing 𝐴𝐴 Θ(𝑄𝑄 = 2 pvu) . The associated turbulence report count with respect to 𝐴𝐴 Θ(𝑄𝑄 = 2 pvu) is indicated by the solid black 
line and the logarithmic upper x-scale. Panel (f) shows the equivalent analysis for the first 2 km below the LRT. The colorbar 
is representative for all six panels.
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vertical distribution of the model derived turbulence diagnostics which are not evident in the surface based 
framework. This could help to improve common state-of-the-art approaches to identify, diagnose and forecast 
turbulence in numerical models (Bechtold et al., 2021; Muñoz-Esparza et al., 2020; Sharman & Pearson, 2017).

Data Availability Statement
Aircraft base observations from the public NOAA archive are available upon request at https://madis.ncep.noaa.
gov (last accessed 27 July 2022). ECMWF's ERA5 data can be freely accessed from https://www.ecmwf.int/en/
forecasts/datasets/reanalysis-datasets/era5 (Hersbach et al., 2020). The up-to-date In-service aircraft for a global 
observing system data are publicly available at http://www.iagos.fr thanks to support from AERIS (last accessed 
27 July 2022).
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