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Key Points:

+ Inertial instability is released through ribbon-like layers of enhanced meridional
wind and the radiation of inertia—gravity waves.

« Layers of meridional wind are up to 7 m s=!

in magnitude, extend 100 km across
the jet, and persist for 11 days.
 Inertial instability release also produces moderate occurrences of clear-air turbu-

lence, as diagnosed by the Ellrod—Knapp Turbulence Index.
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Abstract

Inertial instability is a hydrodynamic instability that occurs in strong anticyclonic flow
and is typically diagnosed by negative absolute vorticity in the Northern Hemisphere.

As such, inertial instability is often observed on the anticyclonic-shear side of jet streams,
yet the release of the instability in this environment is still poorly understood. We con-
struct an idealized midlatitude zonal jet and perform two experiments: one control sim-
ulation with no inertial instability and one experiment with inertial instability simulat-
ing its release. We find that the release of the instability results in meridional wind per-

1 over 200 km that persist for several days, in addition to ra-

turbations of up to 7 m s~
diating inertia—gravity waves several hundreds of kilometers away from the unstable re-
gion. Furthermore, these perturbations instigate light—moderate occurrences of clear-air

turbulence around the unstable region that persist for up to 12 hours.

Plain Language Summary

The jet stream is a narrow region of strong westerly winds above the Earth’s sur-
face over the midlatitudes in the Northern and Southern Hemispheres. When winds speeds
decrease too sharply laterally on the equatorward side of the jet stream, the flow is said
to be in state of inertial instability. However, how the atmosphere responds to the in-
stability in this situation is not well understood. To gain a better understanding, we used
a numerical model to simulate an idealized jet stream with inertial instability against
a control jet stream with no instability. We find that the simulation with the instabil-
ity produced stationary ribbon-shaped circulations along the jet within the unstable re-
gion, in addition to circulations called inertia—gravity waves that propagate several hun-
dred kilometers away from the unstable region. Although these inertia—gravity waves have
been hypothesized to instigate clear-air turbulence, we find that the ribbon-shaped re-
gions of enhanced north—south winds themselves instigate light—-moderate instances of
clear-air turbulence that can last for up to 12 hours. Further research on whether this
result is found in the real atmosphere has the potential to improve weather forecasts for

the aviation sector.

1 Introduction

Inertial instability describes an imbalance on air pacels between the horizontal pressure-

gradient and Coriolis forces in a zonal flow, typically diagnosed when the anticyclonic
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absolute vorticity exceeds the Coriolis parameter (e.g., negative absolute vorticity in the
Northern Hemisphere) (Knox, 2003). Inertial instability therefore occurs in environments
of strong anticyclonic shear or curvature, such as the equatorward side of jet streams (Knox,

1997; Schumacher & Schultz, 2001; Thompson et al., 2018).

Although the existence of inertial instability in such environments had previously
been doubted (Blumen & Washington, 1969; Leary, 1974; Holton, 2012), radiosonde ob-
servations (Blanchard et al., 1998; Sato & Dunkerton, 2002), the advent of reanalysis (Sato
& Dunkerton, 2002; Coniglio et al., 2010; Thompson et al., 2018), and numerical weather
prediction models (Schultz & Knox, 2007; Schumacher et al., 2010; Siedersleben & Gohm,
2016) have furnished ample evidence for its occurrence. For example, in examining ra-
diosondes and National Center for Atmospheric Research (NCAR) reanalyses, Sato and
Dunkerton (2002) showed that inertial instability was present for more than 30% of win-
ter in the subtropical jet south of Japan. More recently, Thompson et al. (2018) created
a 30-yr climatology of tropospheric inertial instability and found that the jet-exit region
at 250 hPa in the North Atlantic was inertially unstable for 9% of the period 1979-2014.
Such climatological studies put the existence of tropospheric inertial instability on firmer

ground.

The question then turns to how is inertial instability released, and what are its im-
pacts in the troposphere, topics that remain poorly understood. The occurrence and re-
lease of tropospheric inertial instability has so far been cited to promote upper-level out-
flow in convective storms (Blanchard et al., 1998; Coniglio et al., 2010) and the organ-
ization of linear precipitating bands near mountain ranges (Schultz & Knox, 2007; Schu-
macher et al., 2010, 2015; Siedersleben & Gohm, 2016). Inertia—gravity wave emission
resulting from the release of the instability has also been hypothesized to create clear-
air turbulence (CAT) when the waves break (Knox, 1997; Sharman et al., 2012), a re-
curring cause of in-flight injuries and aircraft damage (Fultz & Ashley, 2016). Under-
standing the impacts associated with the release of inertial instability is therefore not

merely an academic issue, but one that impacts society.

As attributing the effects of inertial instability release can be difficult due to the
simultaneous occurrence of other processes in the real atmosphere (Schultz & Knox, 2007),
idealized modeling emerges as an effective and more clinical approach. Hence, this let-

ter aims to characterize the release of tropospheric inertial instability by simulating an
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idealized zonal midlatitude jet stream using a nonhydrostatic numerical cloud model. We
compare two simulations: one initialized with no instability and one initialized with in-
stability on the equatorward side of the jet due to strong anticyclonic shear. From these
simulations, we illustrate the structure and longevity of circulations that develop in re-
sponse to tropospheric inertial instability. In addition, we also test one hypothesis of in-
ertial instability in the case of clear-air turbulence. Accordingly, the rest of this letter

is structured as follows: the modeling configuration of our simulations is described in sec-
tion 2, sections 3 presents our simulation results and their context in the scientific lit-

erature, and finally, conclusions are summarized in section 4.

2 Model Set-Up

The model used in this study is Cloud Model 1 (CM1) version 19.4, a nonhydro-
static numerical model (Bryan & Fritsch, 2002), configured to simulate a midlatitude zonal
jet in which the degree of inertial stability can be varied. A reference jet with a wind
maximum of 30 m s~! and no instability is compared with a 50 m s~! jet with instabil-
ity on its equatorward side due to stronger anticyclonic-shear vorticity (Figure 1). Each
jet is centered at a latitude of 45°N and simulated within a 3000 km x 2000 km chan-
nel domain with a horizontal grid spacing of 5 km. In the vertical, 70 levels span 0-21 km
with a spacing of 200 m. A free-slip boundary condition is applied at the upper bound-
ary, with a Rayleigh damping layer above 20 km to minimize inertia—gravity-wave re-
flection. Periodic boundary conditions are imposed at the western and eastern bound-
aries and open-radiative conditions at the northern and southern boundaries, a set-up
typical of many channel simulations (e.g. Plougonven & Snyder, 2005; Terpstra & Spen-
gler, 2015). Planetary boundary layer processes are parameterized according to CM1’s
GFS-EDMF boundary-layer parameterization scheme (Han et al., 2016). No radiation
or convection parameterizations are used and all simulations are of a dry atmosphere in
order to suppress the creation of inertial instability via diabatic heating and latent-heat
release (e.g. Raymond & Jiang, 1990). Hence, the only source of inertial instability in

this study is from the initial condition, described next.

For the initial thermodynamic environment, the base-state is constructed in two
layers, characterized by their Brunt—Véisila frequency (N). The first layer spans 0-11 km
where N = 0.01 s, and the second layer spans 11-21 km where N = 0.02 s~!. The

thermodynamic base state therefore approximates a troposphere and a stratosphere. For
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the zonal jet, the zonal wind in CM1 is the sum of a base-state wind and a perturba-
tion wind. Here, the base-state zonal wind is zero and the perturbation added is that
given by Terpstra and Spengler (2015), which is balanced with the meridional gradient
of the non-dimensional pressure perturbation in CM1’s governing equations to ensure

a geostrophically balanced zonal wind, ug4(y, 2):

ug sin® [W sin? (gi) } sin® {g (ﬂ—) ], if |yl < Ly and 2z < z < 2

ug(y, 2) = q ug sin® [wsin2 (g Li) } sin® [g ( e — ) ], if |yl <Ly and 20 <z<z, (1)

0, elsewhere.

Here, ug is the maximum wind speed centered at zg, y is the meridional coordinate, z

is height, L, is the width of the jet, 2, and z; are the upper and lower extents of the jet,
and s and ¢ control the shape of the jet above and below zy respectively. In this study,
L, = 2000 km, zp = 11 km, 2z, = 21 km, z; = =500 m, s = 10, and ¢ = 1.5, giving a
realistic jet stream cross-section whose inertial stability can be varied by varying the wind
speed maximum, ug, and hence the degree of anticyclonic-shear vorticity on the equa-
torward side of the jet. Here, we select two values of ug: 30 m s™! to create an inertially
stable region on the equatorward side of the jet and 50 m s~! to create an inertially un-
stable region (Figure 1). For a more general jet-stream wind-speed distribution, there

is no specific value of maximum wind speed that would determine the presence or ab-
sence of inertial instability; the specific value would be a function of the specific math-

ematical formulation of the jet stream.

Furthermore, with this 50 m s~! wind speed and the associated absolute vortic-
ity, the e-folding time, 7, can be calculated. The e-folding time is the time taken for a
meridional wind perturbation within the inertially unstable region to accelerate by a fac-

tor of e (= 2.71), given by:

1
T @

In this study, the e-folding time of the initialized instability is approximately 5 h. There-
fore, as no seeded perturbations are specified to trigger the release of the instability, and

given that previous studies indicate that regions of inertial instability may be long-lived
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(e.g. Sato & Dunkerton, 2002; Schultz & Knox, 2007; Thompson et al., 2018), simula-
tions are run for 14 model days to allow sufficient time for the growth of meridional per-

turbations (i.e., the release of the instability).

3 Results
3.1 How the instability is released

The response of the atmosphere to the instability is illustrated with snapshots of
the horizontal wind at 11 km for the 50 m s~! jet simulation (Figure 2). The release of
the instability does not become apparent until after 72 h, when the wind maximum in-
creases by 5 m s~! between 72 and 96 h (Figures 2a,b), then holds mostly steady after-
ward. During the same period, winds on the equatorward side of the jet accelerate and
veer cyclonically, becoming almost perpendicular to the jet axis by 120 h near y = 500 km

(Figures 2b,c).

A vertical cross-section taken at z = 2000 km shows the release of the instabil-
ity in the meridional- and vertical-wind components within the equatorward side of the
jet (Figures 2d—i). By 72 h, flat perturbations in the wind field develop in the center of
the region of instability within the equatorward side with spatial scales of about 100 km
in the meridional and 0.2 km in the vertical (Figures 2d,g). The vertical scale is com-
parable to the 0.2 km vertical grid spacing, a result also found by O’Sullivan and Hitch-
man (1992) and Blanchard et al. (1998). By 96 h, these perturbations have grown in the
meridional direction to about 500 km and with perturbation horizontal meridional wind
speeds of up to 7 m s~! and vertical wind speeds of up to 2 cm s™! (Figures 2e,h). These
quasi-flat perturbations in the meridional wind develop as ribbons that alternate in di-
rection with depth and span 8-13 km in the vertical by 120 h (Figure 2f). Thus, these
circulations are hundreds of meters deep, hundreds of km in the north—south direction,
and thousands of kilometers in the along-jet direction. Consequently, we call these ribbon-
shaped circulations. The growing and expanding perturbations are quasi-stationary and
largely confined to the initialized unstable region (Figure 1b). In contrast, perturbations
in the vertical wind component expand rapidly outward from the initialized unstable re-

gion (Figures 2g—i), typically along isentropes.

After the release of the instability and the initial formation of the perturbations

within the region of initial instability, inertia—gravity waves propagate laterally and ver-
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tically away from the jet’s equatorward side. Although inertia—gravity-wave emission is
an expected consequence of unbalanced flow (e.g. Koch et al., 1988; Zhang et al., 2000;
Plougonven & Zeitlin, 2009; Rowe & Hitchman, 2015), waves do not appear until 72 h
and then appear concurrently with the meridional wind perturbations, indicating that

they arise from the release of the instability.

! simulation with an initialized region of instability, the

In contrast to the 50 m s™
30 m s~! simulation without any instability undergoes an entirely different evolution.
The horizontal wind speed of the jet does not increase (not shown). Perturbations and
inertia—gravity waves do not develop to any substantial degree. A direct comparison be-
tween the two simulations can be constructed by looking at a time—height cross section
of averaged fields between z = 1000 km and 2 = 2000 km (Figure 3). Averaging along
this 1000-km length illustrates that the perturbations develop along the length of the
jet (i.e., the release of the instability is occurring on a large scale.) Over time, the merid-

ional and vertical wind components show minimal perturbations growing for the 30 m s=!

simulation (Figures 3a,c). In contrast, the perturbations in the 50 m s=*

simulation grow
within the region of the inertial instability initially after about 24 h, but most substan-
tially after 72 h (Figures 3b,d). Within the center of the region of the initialized insta-
bility, the perturbations have vertical wavelengths of 0.5 km during 72—-120 h, but after
about 96 h, perturbations at heights of 9 and 13 km have developed with a larger ver-
tical wavelength of 1.5 km (Figure 3b). These larger wavelength features persist for about

11 days until the end of the simulation as inertia—gravity waves also radiate away from

the jet.

3.2 Relationship to observations and simulations

These model simulations suggest how an inertially unstable region near midlati-
tude jet streams evolves. In this section, we compare our results to observations and other

simulations of the release of inertial instability.

First, we showed that the winds on the equatorward side of the jet turned increas-
ingly equatorward to help weaken the anticyclonic shear. Such a result is common at the
jet-exit regions of tropospheric jet streams, leading to anticyclonic Rossby-wave break-
ing in the troposphere (e.g. Postel & Hitchman, 1999), as well as in the stratosphere (e.g.

O’Sullivan & Hitchman, 1992; Knox & Harvey, 2005). In this way, our results bear some
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similarity to observations. However, our results were inconsistent with those of Rowe and
Hitchman (2015, 2016) who found similar local wind maxima in simulations of extrat-
ropical cyclones. Whereas they found the inertially unstable flow accelerating poleward,

we found it accelerating equatorward. It is unclear why there is an inconsistency.

Second, the release of the instability was indicated by the presence of layered cir-
culations that remained within the region of the instability. Although such layers are a
classic signature of inertial instability release in the stratosphere (Hitchman et al., 1987;
Hayashi et al., 2002; O’Sullivan & Hitchman, 1992; Harvey & Knox, 2019), observational
evidence of the release of inertial instability in the troposphere remains sparse. In the
most compelling case, Sato and Dunkerton (2002) highlight stationary alternating lay-

1

ers in the meridional wind of up to 7 m s™" over an 8-km layer that lasted for at least

a week over southern Japan. This meridional wind speed is consistent with that of our

study where meridional wind speeds of up to 7 m s~*

occurred in the model (Figures 2e,h).
Noting that these layers often occur within regions of weak or negative potential vortic-

ity on the anticyclonic side of the westerly jet stream, they suggest that the observed lay-
ers are likely due to the release of inertial instability. These circulations also expand hor-
izontally, more so in the cross-jet direction than along the jet, and in the vertical, match-
ing results from idealized modeling (Griffiths, 2003; Plougonven & Zeitlin, 2009). Given

the similarities to perturbations described here, the release of inertial instability in the

real atmosphere appears to be reproduced in the present simulations.

Third, the release of the inertial instability in the localized region of the instabil-
ity was followed by the emission of inertia—gravity waves, as seen in idealized simulations
(Kloosterziel et al., 2007; Plougonven & Zeitlin, 2009; Carnevale et al., 2013; Ribstein
et al., 2014; Kloosterziel et al., 2015). The inertia—gravity waves produced weaker per-
turbations than the release of the inertial instability (Plougonven & Zeitlin, 2009). These
results show that the release of inertial instability initially occurs in a localized region
followed by the emission and nonlocal radiation of inertia—gravity waves; both of these
phenomena can lead to clear-air turbulence. Furthermore, Rapp et al. (2018) and Harvey
and Knox (2019) have cautioned about conflating inertial instability release and inertia—
gravity waves (albeit in the temperature field) and advocate for a large-scale examina-
tion of the meteorological conditions to better distinguish the two. As perturbations aris-
ing from inertial instability remain quasi-stationary (Hitchman et al., 1987; Sato & Dunker-

ton, 2002; Knox, 2003), as also seen here, we identify both inertial-instability release and
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inertia—gravity waves, and attribute the former as a source of inertia—gravity-wave emis-

sion.

3.3 Clear-air turbulence

One hypothesized impact from the release of inertial instability is that any asso-
ciated inertial-gravity waves could lead to clear-air turbulence (CAT) when these waves
break (Knox, 1997). Although we find no evidence of CAT due to inertia-gravity waves
in these simulations, the layered circulations themselves resulting from inertial instabil-
ity release produce CAT, as diagnosed by the Ellrod—Knapp Turbulence Index (Ellrod
& Knapp, 1992). The Ellrod—Knapp Index (3) is a CAT diagnostic used by several avi-
ation forecasting centers around the world that combines flow deformation, convergence,
and vertical wind shear into a single parameter, capable of detecting 70-84% of CAT oc-
currences (Ellrod & Knapp, 1992; Sharman & Pearson, 2017; Kim et al., 2018; Gultepe

et al., 2019). This index was calculated in the standard way, as

TI=VWS x (DEF + CGV) (3)
dVv
VWS = . DEF =+/DSH? + DST? (4)
T
dv  du dv du
DSH = — + — DST = — + —
s dx * dy s dx * dy (5)
du  dv
CVG<%+d—y>. (6)

where T1 stands for turbulence index, VWS is the vertical wind shear, DEF is the to-

tal deformation, DSH is the shearing deformation, DST is the stretching deformation,

and CVG is the horizontal convergence. Calculating this index from CM1 zonal and merid-
ional winds, we find CAT develops simultaneously with the meridional wind perturba-
tions on the equatorward side of the 50 m s~! jet over a three-day period between 84 h
and 156 h. The turbulence does not develop as a single continuous area, but in sporadic
pockets of light—moderate intensity that persist for up to 12 h around the periphery of

the unstable region (Figure 4a). Collating all turbulence occurrences throughout the sim-
ulation, we find that most occurrences fall into this light—-moderate category, but some

occurrences of moderate intensity are also found (Figure 4b). Whether this result could
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translate into an application in aviation forecasting, however, still depends on it being

reproducible outside of an idealized modeling context.

4 Summary

The release of inertial instability, defined as negative absolute vorticity in the North-
ern Hemisphere, has been investigated for an idealized jet stream. Two simulations of
a zonal midlatitude jet—one with inertial instability on the equatorward side and one
with inertial stability on the equatorward side—have been performed to show how the

instability is released.

We find that when an inertially unstable region is initialized in the model, jet-maximum

winds increase by 5 m s~! after a few days and westerly winds on the equatorward side

of the jet accelerate and veer equatorward. Additionally, quasi-stationary zonally-elongated
meridional wind perturbations grow to dimensions of about 500 km and 0.5 km in the
zonal and vertical directions, respectively, with magnitudes of up to 7 m s~! in the merid-
ional and 2 cm s~! in the vertical. These ribbon-like perturbations grow in coverage to
occupy much of the region of inertial instability and persist for 11 days. Shortly after

the formation of these ribbons of enhanced meridional wind, inertia—gravity waves ra-
diate away from the inertially unstable region in an X-shaped region away from the jet.
These results thus show how inertially unstable flow on the equatorward side of jet streams
breaks down into inertia—gravity waves and ribbons of enhanced meridional wind that
counteracts the strong anticyclonic shear that defined the instability. Furthermore, our
simulations highlight the release of inertial instability as a source of light-moderate oc-
currences of CAT, meriting further investigation into its prevalence in the real atmosphere

and its potential utility to aviation forecasting.

In this letter, we have established the following. First, we have shown that the ob-
servational findings of Sato and Dunkerton (2002) are consistent with the release of in-
ertial instability in the troposphere. Second, inertial instability release in the troposphere
is similar to that in the stratosphere in terms of meridional wind perturbations and the
emission of gravity waves. Finally, we have shown that the release of inertial instabil-

ity promotes light-moderate occurrences of clear-air turbulence.

,10,
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Figure 1. Cross sections of the initialized zonal wind (coloured) and angular momentum
(black contours) for the 30 m s™' (a) and 50 m s~ zonal jet simulations. Potential tempera-
ture (K) in (a) and (b) is represented by black contours and the hatched region in (b) indicates

negative absolute vorticity (i.e., inertial instability).
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Figure 2. Evolution of the 50 m s™* zonal jet simulation at 72 h (left column), 96 h (middle
column) and 120 h (right column) for the horizontal wind at 11 km (top row), meridional wind
(middle row), and vertical wind (bottom row). The meridional and vertical wind is overlayed
with the absolute vorticity (black contours). The meridional and vertical wind cross-sections are

taken at x = 2000 km.
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Figure 3. Height-time composites of meridional wind and vertical velocity for the 30 m s™*

jet simulation (left column) and the 50 m s~ jet simulation (right column). Each field is aver-
aged between 1000 and 2000 km in the longitudinal direction and over the z—y region that spans

the initialized inertial instability from Figure 1.

,18,



Figure 4. Cross section of the Ellrod Turbulence Index for z = 2000 km at 99 h (a). Black
contours denote the meridional wind from 4 to 4 m s~! by 1 m s~! with solid contours denoting
positive values and dashed contours denoting negative values. For all model output times, turbu-
lence indices throughout the entire simulation domain are collated into a histogram and colored

by turbulence intensity according to Ellrod and Knapp (1992) (b).
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