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where ρ is the density of the medium and η =∇×u+2� the
vector of the absolute vorticity with the angular velocity of
the Earth �. In the context of the primitive equations which
are solved by the IFS this translates to

Q=
1
ρ
(f k+∇×uh) ·∇2, (2)5

where f = 2�sin(φ) is the Coriolis parameter, which repre-
sents the component of � in k direction of the local rectan-
gular coordinate system, and uh is the vector of the horizon-
tal wind. The unit for the PV is the “potential vorticity unit”
(pvu), with 1pvu= 1×10−6 m2 s−1 K kg−1. The tropopause10

region is characterized by pronounced isentropic gradients
of the potential vorticity, and the dynamic tropopause in
the extratropics is commonly defined by a constant value of
Q= 2pvu (Hoskins et al., 1985).

The vertical wind shear S2 is calculated on half levels of15

the native vertical hybrid sigma-pressure level of the IFS, to
retain a maximum amount of information in the gradient-
based measure. The altitude at each model level is derived
from the geopotential after vertically integrating the hy-
drostatic equation from the pressure and temperature pro-20

files (for further information refer to the IFS documenta-
tion, ECMWF, 2016). The increasing vertical grid spacing
with increasing altitude in the native coordinates results in a
potential bias towards larger values of vertical wind shear
at lower altitudes, which should be considered. However,25

the analysis focuses on the UTLS region, where the verti-
cal grid spacing increases from about 300 m at 5 km altitude
up to about 400 m at 20 km altitude (e.g., Hoffmann et al.,
2019). Thus, the resolution bias should not have a large im-
pact on the results presented. The central goal of this study30

is to quantify the occurrence of strong vertical wind shear
S2. For this, we define a threshold value S2

t = 4× 10−4 s−2,
marking the top end of the distribution of atmospheric ver-
tical wind shear. The threshold value is selected based on
the consideration that S2

≥ S2
t generally cannot be sustained35

by the average tropospheric static stability N2trop., thus lead-
ing to low Richardson numbers and conditions favorable to
turbulence. In contrast, average stratospheric static stability
values of N2strat. = 4× 10−4 s−2 lead to Richardson num-
bers on the order of magnitude of O(1). Figure 1 illustrates40

the previous consideration, for one exemplary time step on
which we will also focus in Sect. 3. The distribution of tro-
pospheric static stability peaks around N2

= 1× 10−4 s−2,
with an overall average of N2trop. = 1.33× 10−4 s−2. The
stratospheric static stability distribution amounts to an aver-45

age value of N2strat. = 5.20× 10−4 s−2, which is shifted to-
wards a larger value due to the above-average static stabil-
ity which defines the TIL. The average stratospheric static
stability above the TIL is generally closer to the value of
N2strat. = 4×10−4 s−2 (e.g., Birner et al., 2002). The choice50

of the threshold S2
t is furthermore motivated by previous re-

search studies which indicate that the occurrence of strong

vertical wind shear S2
≥ S2

t is largely restricted to tropopause
altitudes (e.g., Dvoskin and Sissenwine, 1958; Kunkel et al.,
2019). 55

3 Identification of a shear layer on 11 September 2017

We will start our analysis by initially focusing on a specific
time step in September 2017. This study was performed in
the context of the airborne research campaign WISE that
took place during SON 2017 over the North Atlantic, which 60

motivated the choice of the date. Our intention is to intro-
duce our metrics first and then look at longer time periods
afterwards. We start with the synoptic situation to provide
the large-scale overview. Figure 2 shows a snapshot of the
northern hemispheric potential temperature at LRT altitude 65

on 11 September 2017, along with maxima of the horizon-
tal wind at 200 hPa. The primary feature standing out is the
tropopause break and the associated jet streaks of the hor-
izontal wind. Over the Asian continent and reaching to the
western Pacific, the tropopause break features a sharp merid- 70

ional 2(LRT) gradient with a single coherent STJ. Further
west, the tropopause break is less sharp and features a char-
acteristic sequence of Rossby wave patterns accompanied by
individual jet streaks at varying latitudes.

The synoptic-scale wind systems are further illustrated in 75

the vertical cross sections in Fig. 3. At 120◦W (Fig. 3a), a
pronounced polar jet maximum is visible at 50–60◦ N, which
is also evident in the vertically integrated horizontal wind
in Fig. 2. Further southward, the tropopause break at 30◦ N
features comparatively weak westerly winds, followed by 80

high-altitude easterlies in the tropics. The western North At-
lantic (Fig. 3b) exhibits two distinct zonal west-wind max-
ima, which can be interpreted as the jet exit region of the
STJ and the entry region of a jet streak of the PFJ. The cross
section at 100◦ E (Fig. 3c) again shows a sequence of zonal 85

winds, with high-altitude easterlies in the tropics, followed
by the STJ, and further northward the rotational components
of a cyclonic system over Siberia.

We proceed with the analysis of the vertical and geograph-
ical distribution of strong vertical wind shear exceeding the 90

threshold value S2
t = 4× 10−4 s−2. Figure 4 shows the zon-

ally averaged relative occurrence frequency of strong verti-
cal wind shear S2

≥ S2
t on a logarithmic color scale for the

Northern Hemisphere on 11 September 2017. Figure 4a re-
veals three meridional regions of exceptional occurrence fre- 95

quencies located in the UTLS region: one in the tropics, one
at 30–40◦ N, and a third one at midlatitudes. Rearranging
the grid volumes in a tropopause-relative vertical coordinate
system depending on their vertical distance from the LRT
(Fig. 4b and c) concentrates the maxima of strong wind shear 100

occurrence in all three regions in a vertical layer of about
1–2 km in extent directly above the LRT. Secondary occur-
rence frequency maxima can be identified closely below the
tropopause in all three meridional regions.
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tipik
Hervorheben
This is an error which went unnoticed in our last revision. It should read: "[...] which is also evident in the 200 hPa horizontal wind in Fig. 2."I hope it is still possible to change the wording.
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