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Key Points:

e Idealized simulations demonstrate that the mesoscale organization of convection can be
affected by lower-stratospheric wind shear

e There is a preference for mesoscale convective systems to propagate in the same
direction as the lower-stratospheric wind shear vector

e Results provide insight into a new mechanism for organized convection and stratosphere-
troposphere interactions
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Abstract

Organized mesoscale convection is important for many atmospheric phenomena and hazards,
however the understanding of its governing mechanisms is incomplete. Theories explaining
mesoscale organization rely on the interaction between convection outflows and lower-
tropospheric wind shear. Here a new mechanism is presented, where lower-stratospheric wind
shear is shown to influence mesoscale organization. The mechanism is linked to coupling
between convection and gravity waves, with the stratosphere playing a role in shaping the
tropospheric wave spectrum. The key result is that lower-stratospheric shear creates a preference
for organized systems propagating in the same direction as the shear vector by weakening the
systems propagating in the opposite direction to the shear. This result has important implications
for stratosphere-troposphere interactions, numerical modeling, and understanding of convective

organization in general.

Plain Language Summary

Many people think thunderstorms are amazing and numerous scientists spend their lives
researching them because they are important for weather and climate. It might therefore be
surprising that we don’t fully understand how thunderstorms form. We know what’s important to
make clouds grow, like the way the temperature and water vapour changes with altitude. But
something else has to happen to make clouds become thunderstorms. What we typically teach at
university is that cold air falls out the bottom of clouds, pushing the near-surface air upwards to
make new clouds. If the wind near the surface changes with altitude in just the right way, the
new clouds will form thunderstorms. Most meteorologists are happy with this theory, but it
doesn’t work all the time. Here I use a simplified computer model to show that the wind above
the clouds can affect thunderstorm behaviour. The storms create ripples in the wind that travel
upwards. Then the wind above the clouds reflects the ripples back downwards where they affect
the storms’ lifecycle. This is a complex process, and we need to spend more time searching for it
in real data and in more complicated computer models to see how often it occurs in the real

world.
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1 Introduction

Organized mesoscale convection is a key contributor to precipitation, the Earth’s energy budget,
and meteorological hazards. There has been extensive research on the dynamics of mesoscale
organization through observational (e.g., Lemone et al. 1998), theoretical (e.g., Moncrieff 1981),
and modeling studies (e.g., Weisman and Rotunno 2004); see Houze (2018) for a recent review.
However, organized mesoscale convection remains a deficiency of all models with
parameterized convection (e.g., Moncrieff et al. 2017), which underlines the importance of

ongoing research into the governing mechanisms.

Most previous work on the mechanisms controlling mesoscale convective systems have focused
on the importance of lower-tropospheric wind shear and its interactions with storm outflows in
determining the structure and longevity of mesoscale convective systems (MCSs) (e.g., Thorpe
et al. 1982, Weisman and Rotunno 2004). Shear in the middle and upper-troposphere is also
important (e.g., Parker and Johnson 2000). However, in situations with weaker shear or weaker
cold pools, other mechanisms, like gravity waves, can have a prominent impact on MCS
dynamics (e.g., Lane and Moncrieff 2015, hereafter LM15; Grant et al. 2018, 2020). In this
study, a new paradigm for convective organization is introduced, whereby stratospheric wind

shear is shown to influence MCSs through gravity wave-convection interactions.

Studies by Mapes (1993), Lac et al. (2001), Lane and Reeder (2001), Fovell (2002), Tulich and
Mapes (2008) and others highlight how tropospheric gravity waves emitted from MCSs
destabilize the environment surrounding those systems, promoting upscale growth. Shige and
Satomura (2001) and Stechmann and Majda (2009) identified how tropospheric shear can modify
those interactions. Recently, Stephan (2020) demonstrated how trapped gravity waves could
modulate trade wind cumulus. Lane and Zhang (2011) showed that gravity waves and mesoscale
cloud populations become dynamically coupled, with the gravity waves feeding back on the
convective clouds through transient ascent and descent that modifies their morphology. Grant et
al. (2018, 2020) demonstrated that when cold pools are weak, gravity waves can help maintain

long-lived mesoscale systems. In this study, idealized simulations (similar in concept to Tulich
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and Mapes 2008, Lane and Zhang 2011, LM15, Grant et al. 2018; 2020 and others) are used to

further explore gravity wave-convection coupling.

The key element of this study exploits the fact that vertical wind shear affects the vertical
propagation of gravity waves (e.g., Booker and Bretherton 1967), and changes in vertical
propagation aloft can influence the underlying wave spectrum through ducting and reflection
(e.g., Lindzen and Tung 1976). In the idealized experiments herein, the lower-stratospheric wind
shear is altered to change the vertical propagation characteristics of gravity waves, which thereby
modifies the characteristics of the tropospheric gravity waves without directly affecting the
convection through advection by the mean flow. The approach provides focus on a previously

unexplored aspect of stratosphere-troposphere interactions.

This study also has some relevance for the interaction between the Quasi-Biennial Oscillation
(QBO) and the Madden-Julian Oscillation (MJO), which is receiving attention due to the impacts
of the QBO on MJO predictability (e.g., Nishimoto and Yoden 2017, Lim et al. 2019). The QBO
induces noteworthy variability in wind shear in the upper troposphere and lower stratosphere
(UTLS) and recent idealized simulations (Martin et al. 2019) explored the roles of QBO-induced
shear and stability on convection. Bui et al. (2017, 2019) produced a QBO-like oscillation in
long-running idealized simulations, demonstrating modulation of the convection and shear by the
oscillation. Those studies incorporate the influence of UTLS flow variations on the convection,
whereas here only the influence of the lower-stratospheric shear is considered. This approach
isolates the mechanisms associated with gravity waves from those related to advective process in
troposphere. A number of previous studies have examined the role of gravity waves in
contributing to the formation of the QBO (e.g., Piani et al. 2000); this is the first study to focus

on the influence of QBO-like stratospheric shear on convection.
2 Methods

The idealized numerical model experiments use the nonhydrostatic and compressible CM1
model (Cloud Model 1 revision 15, Bryan and Fritsch 2002), with a similar configuration to
LM15. The domain is a three-dimensional doubly-periodic channel with length (x-direction)
2040 km, width (y-direction) 120 km, and depth (z-direction) 40 km. The channel is long enough

to permit multiple MCSs to exist simultaneously and deep enough to reduce any influence of the
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upper boundary on the gravity wave-shear interactions. The horizontal grid spacing is 1 km; the
vertical grid spacing is 100 m at the surface, increasing to 200 m for z>550 m. Physical

parameterizations are the same as LM 15 and described in the Supporting Information (text S1).

The model is initialized with the same sounding as LM15 (a tropical sounding observed near
Darwin Australia during a period of intense island thunderstorms), except for z>16.5 km the
Brunt-Viisila frequency N is 0.02 s™'. Convection is maintained via horizontally-uniform and
constant-in-time cooling of 1.5 K day! from the surface to z=9.5 km. Between z =9.5 km and z
=15.5 km the cooling decreases linearly with height and is zero above z =15.5 km. The lower-

most boundary is a frictionless 300-K sea-surface with windspeed-dependent surface fluxes.

Most of the analyses focuses on a ~10-day period, 300-550 hours after model initialization,
because during those times all simulations are dominated by propagating convective lines. This
period offers the cleanest comparison between the two experiments because the convection is in
a similar regime for a relatively long period. Although not shown, the mechanism explored in
this manuscript is also present in later stages of this and similar simulations. Two specific
simulations are: EX-CTRL (Experiment-Control), which has zero initial wind everywhere; and
EX-SH (Experiment-Shear), which has zero initial wind in the troposphere and in the x-direction
decreases linearly between z =15 and z =20 km to -25 m s™! and is then constant aloft. The
strength and magnitude of the wind shear is broadly consistent with those within the QBO (e.g.,
Piani et al. 2000). The Supporting Information contains profiles of the mean state (Fig. S1). The
wind profiles can evolve with time, but there is little change between the initial profiles and
those during the analysis period. The thermodynamic profiles also evolve in time, but do not
vary significantly over the analysis period and are very similar for both experiments. The cooling
profile leads to deep convection with cloud tops below approximately z =11 km. An important
point for EX-SH is that the convective clouds never penetrate the shear layer, remaining at least
3 km below it. Thus, the shear cannot directly interact with the convective systems and any

influence is indirect.

During the analysis period, model data are averaged in the y-direction and output every two
minutes. These data are analyzed using 2D space (x) — time (¢) spectral analysis. The power

spectral density of the vertical velocity is calculated for z =5 km by averaging nine overlapping-
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in-time spectra that are each 50 hours long. Before calculating each individual spectrum, a
cosine-taper window is applied in the time domain with tapering applied to the first and last 5
hours (10%) of each 50-hour series. For plotting, the final spectra are averaged in wavenumber-
frequency space using a 3 X 3 boxcar filter. For these spectra the sign of the horizontal
wavenumber, £, is the same as the horizontal phase speed, c, in the x-direction (defined as c=w/k,

where w is the frequency).
3 Model Results

The two experiments contain similar cloud evolution (Fig. 1). Clouds develop after about 60
hours, initially featuring small cumulus that show no organization. Between 100 to 200 hours
propagating features emerge, though there is little change in the spatial scales of the clouds
compared to earlier. Between 200 to 250 hours, larger contiguous regions of clouds emerge,
associated with prominent v-shaped features (in x-¢ space) that have been identified in prior
studies to propagate slower than 10 m s! and be associated with cold pools (e.g., Grabowski and
Moncrieff 2001, Shige and Satomura 2001, Tulich and Mapes 2008, Lane and Zhang 2011, etc.).
After approximately 250 hours, mesoscale organization ensues: propagating convective systems
dominate the cloud field with increased intensity compared to earlier times. These propagating
MCS:s last tens of hours, cover regions exceeding 100 km, and have typical propagation speeds
of 3-5 m s”! in either direction. The propagation speed does vary, presumably related to the
strength of the cold pools and the degree of coupling with gravity waves. There is little change in
the convective regime for each experiment during the analysis period (300 to 550 hours) and the
domain-mean rain is approximately steady (not shown), making it an appropriate period of focus.
After about 600 hours (not shown), the convection continues to grow upscale to eventually form
a few larger clusters and the results are likely unduly influenced by the domain geometry; for this

reason, these later times are not considered.
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Figure 1. Time-distance diagrams of the y-average of the vertically-integrated total cloud (water and ice) mixing
ratio for a EX-CTRL and b EX-SH. Shading intervals are 0.05, 0.2, 0.4, 0.6 g kg"'km, with dark shading

representing larger values.

Although there are similarities in the evolution of the cloud populations in the two experiments,
inspection of the MCS propagation characteristics reveals important differences between EX-
CTRL and EX-SH. For EX-CTRL (Fig. 1a) the MCSs show no preferred direction of
propagation and there is approximately an equal number of systems propagating in the positive
and negative x-directions. For EX-SH (Fig. 1b), however, there is a distinct preference for MCSs
propagating in the negative x-direction. There are MCSs propagating in the positive x-direction,
but these are fewer, generally weaker and shorter lived compared to those propagating in the

negative x-direction. These differences between the two experiments are also demonstrated more
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quantitatively in the Supporting Information (Fig. S2), highlighting that the largest difference is

for systems propagating in the negative x-direction at approximately 3.5 m s™.

The domain-mean rainfall is approximately the same in the two experiments for the analysis
period (EX-CTRL: 2.3 mm/day, EX-SH: 2.4 mm/day), owing to the constraints placed by the
constant tropospheric cooling. However, there are differences in the spatial distribution of
rainfall between the two experiments, with EX-SH producing larger values of maximum
mesoscale rainfall and smaller values of minimum mesoscale rainfall. Here, mesoscale rainfall is
defined as the hourly rainfall accumulation averaged over 120X 120 km areas (calculated at each
grid point in the x-direction). The temporal mean of the maximum mesoscale rainfall is 8.9
mm/day for EX-CTRL and 10.1 mm/day for EX-SH. The temporal mean of the minimum
mesoscale rainfall is 0.07 mm/day for EX-CTRL and 0.013 mm/day for EX-SH. Thus, EX-SH
features mesoscale regions of stronger rain than EX-CTRL and, consistent with the similar
domain mean rainfall, EX-SH features mesoscale areas that are drier than EX-CTRL. EX-SH
also has slightly larger domain-mean upper-level cloud amounts compared to EX-CTRL (see

Supporting Information Fig. S1b).

The inclusion of lower-stratospheric shear has led to noteworthy differences in the organizational
characteristics of the simulated convection. The propagating MCSs show a preference to
propagate in the same direction as the lower-stratospheric shear vector (i.e., downshear) at the
expense of MCSs propagating in the opposite direction to the lower-stratospheric shear (i.e.,
upshear). The simulation without mean shear shows no preference for the direction of MCS
propagation. The change in the characteristics of the MCSs in EX-SH also leads to increased
cloud amounts and mesoscale rainfall intensity. These sensitivities to lower-stratospheric shear
are robust, extending to other simulations with different lower-stratospheric shear profiles (see
Supporting information Fig. S4). In the next section spectral analysis is used to expose the

mechanisms influencing the sensitivity to lower-stratospheric shear.
4 Gravity waves

The spectrum of the 5-km vertical velocity (Fig. 2) is used to identify the characteristics of the
tropospheric gravity waves that are generated by and interact with the convective clouds. This

spectrum includes signals from gravity waves and convective updrafts and downdrafts, which are
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intertwined and practically inseparable. Here z=5 km is chosen as it represents an altitude where

moderately deep clouds and gravity waves coexist and interact.

EX-CTRL (Fig. 2a) features a spectrum that is almost exactly symmetric about k=0, because the
mean wind is zero. The spectrum features local maxima in power that follow curved paths,
which correspond closely to lines of constant vertical wavelength, A, (where A,=2n/m and m is
the vertical wavenumber). Here A, is defined by the non-hydrostatic gravity wave dispersion
relation (with no mean wind), m?>=k 2N*/w>-k 2. Lines with 1, equal to 4, 8, and 16 km are
shown, determined using N=0.011 s! (its value at z=5 km). The strong agreement between
maxima in the spectra and the dispersion curves suggests that much of the variability in vertical

velocity is consistent with gravity waves.

Tropospheric gravity waves with similar vertical wavelengths to those above have been shown to
be important for gravity wave-convection coupling, which occurs because the wave-induced
ascent can destabilize the environment surrounding convection and also modulate the convective
cloud population. For example, in idealized simulations similar to those here, Lane and Zhang
(2011) identified coupling between convection and waves with 1,=10 km, and Tulich and Mapes
(2008) highlighted the importance of short vertical wavelength gravity waves, termed ‘gust front
modes’. These two studies also demonstrate how such tropospheric waves are generated as a
response to the evaporative cooling associated with precipitation. Further, evidence of the
importance of waves with 4 and 8 km vertical wavelengths, is found in the Supporting
Information (Text S2 and Fig. S3), which shows how these modes explain much of the

mesoscale cloud variability.
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Figure 2. Power spectra of the (y-averaged) vertical velocity at z =5 km for a,c EX-CTRL and b,d EX-SH. a,b are
the 2D (k-w) spectra, normalized to the maximum value of the spectrum in b. Shading is at 10, 107,...,102
intervals with dark shading representing largest values. Thin white lines correspond to solutions of the non-
hydrostatic gravity wave dispersion relation for vertical wavelengths, 1., of 4, 8, and 16 km (as labelled); the thick
dashed white line in b is defined in the text. c¢,d are the corresponding power spectral densities (PSD), filtered for

7<Az<9 km.

The spectrum for EX-SH (Fig. 2b) has similarities and important differences to EX-CTRL. As
for EX-CTRL, EX-SH features local maxima in power that follow the same dispersion relation
curves. For k<0 the spectrum is very similar to EX-CTRL. For k>0 at small
wavenumbers/frequencies the power also follows the dispersion curves, but at larger
wavenumbers/frequencies this pattern is disrupted. The spectral boundary of this disruption is
well identified by the overlaid dotted line (defined below). The differences in the spectrum
between the two experiments is highlighted in Figs. 2¢-d, which shows the power that falls along
the spectral region defined by A,=8+1 km. (This spectral range is chosen as it corresponds to one
of the prominent signals in Fig. 2 a-b). Here, comparison of Figs. 2¢ and 2d identifies that for

this wave mode negative phase speeds (k<0) are unaffected by the shear layer aloft. In contrast,
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for positive phase speeds (k>0), for EX-SH there is a decrease in power at smaller wavenumbers

and an increase in power for the larger wavenumbers compared to EX-CTRL.

The overlaid dotted line in Fig. 2b is defined by w=N,+Usk, where Us=-25 m s! is the
stratospheric wind at the top of the shear layer and Ni=0.02 s'! is the stratospheric Brunt-Viisila
frequency. Linear theory says that vertically-propagating gravity waves will become evanescent
if the magnitude of the intrinsic frequency (defined as @=w-Uk, where U is the component of the
mean wind in the direction of wave propagation) exceeds the local Brunt-Viisélé frequency.
When upward-propagating waves become evanescent they can be reflected downwards. Thus,
w=N;+Usk in Fig. 2b identifies frequencies where @=N at (or above) the top of the shear layer;
upward-propagating waves with frequencies/wavenumbers to the right of the line would all
become evanescent by the top of the shear layer. Waves with frequencies/wavenumbers farthest
from the line (but still to the right of it) would become evanescent in the lower parts of the shear
layer and those closer to the line would become evanescent in the upper parts of the shear layer
(see Lane and Clark 2002 for a detailed discussion of this mechanism). As the spectra in Fig. 2
are at z=5 km, i.e., well below the shear layer, it can be concluded that the disruption to the
spectrum at this altitude is a manifestation of the waves being reflected downwards from farther
aloft. This reflection only occurs for waves propagating in the positive direction, i.e., opposite to
the lower-stratospheric shear vector, and the occurrence of this reflection is well explained by

linear theory.

It is worth noting that a large part of the wave spectrum interacts with a critical level (U-c=0,
where U is the mean wind in the x-direction) in the shear layer in EX-SH (for £<0). However,
there is no evidence of reflection downward from this critical level as the 5-km wave spectrum is
almost identical for EX-CTRL and EX-SH for £<0. Thus, unlike Shige and Satomura (2001),
who demonstrated an important role of a tropospheric critical level in their convective
morphology, the stratospheric critical level here has an undetectable influence on the

tropospheric waves.
5 Discussion

Lower-stratospheric shear is shown to influence the mesoscale organization of convection. This

influence is not through direct (advective) interactions between the convection and the shear
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because the shear is well above the convection. Instead, the lower-stratospheric shear influences
the tropospheric velocities by reflecting upward-propagating gravity waves downwards. The
reflection affects the tropospheric gravity wave modes, as demonstrated in Fig. 2, which are
linked to the organization of convection. Here the lower-stratospheric shear-driven reflection
only occurs for waves propagating in the opposite direction to the shear vector (i.e., upshear),

creating ubiquitous asymmetry in the tropospheric gravity wave field.

How does the asymmetric tropospheric gravity wave field lead to a preferred propagation
direction for the MCSs? Consider two sections of the y-averaged vertical velocity from EX-SH
for representative systems: one propagating in the negative direction (downshear with respect to
the lower-stratospheric shear) (at 330 hrs Fig. 3a) and one propagating in the positive x-direction
(upshear with respect to the lower-stratospheric shear) (at 360 hours Fig. 3b). These two systems
occur close to each other in space and time, yet as is typical, the downshear system is more
intense and long-lived than the upshear system (cf. Fig. 1). The vertical velocity in Fig. 3a
identifies a coherent set of gravity waves ahead of the downshear-propagating storm, which are
identified as wave-like signals in the vertical velocity with tilted phase lines. Coinciding with
these waves, the surface-based convective available potential energy (CAPE, calculated from the
y-average of relevant thermodynamic variables, Fig. 3c) is enhanced ahead of the storm,
implying that the waves have a destabilizing influence on the storm environment. The local
maxima in CAPE ahead of the storm (e.g., at x~283, 313, 330 km) correspond with coherent
regions of gravity wave ascent, in the lower troposphere (i.e., x~283, 330 km) or middle-to-
upper troposphere (i.e., at x~313 km). In contrast, the tropospheric vertical velocity ahead of the
upshear-propagating systems (Fig. 3b) features a less coherent pattern, with evidence of
interference between upward-propagating and downward-reflected waves (creating a crossed
pattern in the vertical velocity). Presumably, the interference and lack of coherence reduces the
destabilizing influence of the tropospheric waves, and the CAPE perturbations (Fig. 3d) ahead of
the storm are much weaker and it is difficult to link them to the gravity waves. Note that within
the storms the CAPE values are different for the two cases, likely related to different stages of
convective lifecycle. As shown in the Supporting Information (Text S4 and Fig. S5), these
examples are representative of the key processes because all downshear-propagating storms in

EX-SH feature stronger CAPE perturbations ahead of them compared to upshear-propagating
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storms. Moreover, in EX-CTRL there is no systematic asymmetry in the strength of CAPE

perturbations ahead of storms propagating in the positive or negative x-directions.

(o) w at 330 hrs

260 280 300 320 340 " 720 740 760 780 800 820
x (km) (cm ) x (km)
(c) CAPE at 330 hrs 25 0 25 (d) CAPE at 360 hrs
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—~ 2000 —~ 2000 *
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2 2
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x (km) x (km)

Figure 3. Selected locations in EX-SH at (a,¢) 330 and (b,d) 360 hours. (a,b) Cross-sections of the y-averaged
vertical velocity (green shading) and the total cloud plus rainwater mixing ratio (black/white line contoured at 0.05 g
kg™). (¢,d) the corresponding values of CAPE, with the dotted line included to aid comparison. See Supporting

Information Fig. S5 for the section locations.

The above analysis suggests that the preference for convective systems to propagate downshear
is actually related to the suppression of upshear-propagating convective systems. The lower-
stratospheric shear causes a reflection of upshear-propagating gravity waves back into the
troposphere, reducing the coherence of the tropospheric gravity wave field and disrupting the
destabilizing influence of the tropospheric gravity waves ahead of the convection. The gravity

waves are unaffected for those waves (and systems) propagating downshear and for situations



295
296
297

298

299

300
301
302
303
304
305
306
307
308
309
310
311
312

313
314
315
316
317
318
319
320
321
322
323

Confidential manuscript submitted to Geophysical Research Letters

without stratospheric shear. The close similarity in the power spectra for k<0 for the two
experiments (cf. Figs. 2¢-d) provides supporting evidence. Moreover, the weakening of the
spectral power for low wavenumber signals for £>0 in EX-SH compared to EX-CTRL, is also

consistent with a suppression of the upshear-propagating convection.
6 Conclusions

This study has identified a subtle but robust influence of lower-stratospheric wind shear on the
mesoscale organization of convection. The underlying mechanism is caused by gravity waves,
which are known to become dynamically coupled to convective clouds. The lower-stratospheric
shear affects the organization by changing the ability of gravity waves to propagate into the
stratosphere, causing part of the wave spectrum to be reflected back into the troposphere. This
wave reflection reduces the coherence of the tropospheric waves and disrupts their ability to
destabilize the environment and promote convection. As explained by gravity wave theory, this
wave reflection only occurs for waves propagating in the opposite direction to the lower-
stratospheric shear, thereby reducing the occurrence, strength and longevity of convective storms
propagating in this direction. The result is a preference for long-lived MCSs that propagate in the
same direction as the lower-stratospheric shear. Previous studies have explored the influence of
tropospheric shear on gravity wave-convection interactions and convective organization, but this

is the first study to isolate the influence of stratospheric shear on convective organization.

As is well known, lower-tropospheric wind shear has an important influence on mesoscale
organization through direct interactions with cold pools, and tropospheric shear also affects
organizational characteristics through differential advection and influence on storm tilt. The
effect of stratospheric shear on tropospheric convection represents a new paradigm for
convective organization. As shown here, the lower-stratospheric shear will favor downshear-
propagating systems and lower-tropospheric shear commonly favors downshear-propagating
systems too; thus, situations in unidirectional shear may allow the two mechanisms to work in
concert. It is likely that the lower-stratospheric shear may be most important when gravity waves
dominate convective organization, such as if the tropospheric shear or cold pools are weak. Such
conditions occur in the tropics, and the lower-stratospheric shear considered here is similar to

that within the QBO. In the midlatitudes, lower-stratospheric shears like those here are common,
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but tropospheric shear is typically also strong and likely dominates the organizational process.
Further work exploring the relative and combined influences of tropospheric and stratospheric

shear on convective organization should be a topic for future research.

These results demonstrate unequivocally that gravity waves play an important role in mesoscale
organization. There have been many studies that have explored convection-gravity wave
interactions, but typically it has been difficult to separate the specific role of the gravity waves
on the convection because they are intertwined and inseparable. This study has developed a
framework whereby the change in shear adjusts the vertical propagation of gravity waves
through the lower stratosphere, hence modifying the characteristics of the tropospheric waves
without changing the tropospheric background state and impacting the convection directly. The
impacts on convection here are only related to gravity waves, providing perhaps the most

convincing evidence to date of the existence of gravity wave-convection coupling.

Now consider stratosphere-troposphere interactions and the potential role of stratospheric shear
associated with the QBO on convection. These results suggest that westward-propagating MCSs
might be preferred during easterly phases of the QBO (and vice-versa). It is typical for
westward-propagating MCSs to be embedded within the MJO (e.g., Tulich and Kiladis 2012), so
it is plausible that this mechanism for stratospheric shear / convection interactions could
contribute to the link between the MJO and easterly phases of the QBO. However, recent
idealized modelling work (Martin et al. 2019) suggests that the QBO-induced temperature
perturbations in the upper-troposphere may be more important than shear. Of course, in reality
the QBO-induced shears do penetrate the upper-troposphere, allowing them to directly impact
the convective structures (unlike the mechanism here). Nonetheless, the impact of the
stratosphere (and the QBO) on tropospheric gravity waves and mesoscale gravity wave-

convection coupling might still have some relevance.

The influence of lower-stratospheric shear on convective organization highlights the importance
of realistic representation of gravity wave-shear interactions in simulating mesoscale
organization, especially in the convection-permitting models that are prevalent in operational
weather prediction and regional climate modeling. Such models typically have coarse vertical

resolution in the UTLS and absorbing layers in the lower stratosphere. It is likely that they do not
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always provide a realistic representation of the propagation and reflection of mesoscale gravity
waves in the UTLS, which may unduly affect their ability to represent organized convection
realistically. These mechanisms are also unable to be represented in global models with

parameterized convection. Further consideration of these points is warranted.

In summary, this work has identified a new paradigm explaining aspects of convective
organization, whereby the lower-stratospheric wind shear can influence the morphology of
mesoscale convection. A key element of this process is the coupling between gravity waves and
convection. These results have important implications for improved understanding of organized
convection, stratosphere-troposphere interactions and numerical modeling of storms. Of course,
these results are derived from idealized numerical experiments and it is unclear how important
this mechanism is in the real world. Further exploration of the mechanism in observational data

and more realistic simulations should be a topic of continuing research.
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