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Contribution of gravity waves to shear in the extratropical
lowermost stratosphere: insights from idealized baroclinic life cycle
experiments.
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Abstract. Mixing significantly influences the redistribution of trace species in the lower stratosphere, potentially being the
dominant factor in forming the extratropical transition layer (ExTL). However, the role of small-scale processes contributing
to mixing is poorly characterized. In the extratropics, mixing processes are often linked to stratosphere-troposphere exchange
(STE), which occurs frequently during baroclinic life cycles, e.g., near tropopause folds, cut-off lows, or stratospheric stream-
ers. Gravity waves (GWs), a dynamical feature of these life cycles, can potentially contribute to STE and mixing in the lower
stratosphere. We present a series of baroclinic life cycle experiments with the ICOsahedral Non-hydrostatic (ICON) model to
study the impact of GWs on the occurrence of vertical wind shear and consequent potential turbulence, an indicator for mixing
in the lowermost stratosphere (LMS). Dry adiabatic simulations with varying spatial resolution reveal that the spatiotemporal
occurrence of GWs depends on model grid spacing and is closely linked to shear and turbulence generation. Further process
understanding is gained from experiments incorporating physical processes like latent heating, (vertical) turbulence, and cloud
microphysics. Introducing moist processes amplifies GW activity and turbulence potential, mainly driven by latent heat release
and stronger baroclinic wave evolution with vigorous vertical motions. Turbulence parameterization has a lesser effect on the
overall evolution without moisture, while it dampens the effect of latent heat release in moist simulations. Altogether, GWs
substantially enhance vertical shear and potential turbulence occurrence in the LMS and thus can play a significant role in

tracer mixing and, consequently, in the ExXTL formation.

1 Introduction

Atmospheric gravity waves (GWs) play a pivotal role in the dynamics of the Earth’s middle atmosphere, transporting
energy and momentum and hence significantly contributing to the atmospheric energy budget. GWs are mainly generated
in the lower atmosphere due to various sources such as topography, jetsjet imbalances, fronts, convection, and strong
wind shear (Fritts and Alexander, 2003; Achatz et al., 2024). They-Jet imbalances here refer to regions within jet streams
where deviations from_ geostrophic balance often resulting in strong vertical wind shear. These gravity waves propagate

both vertically and horizontally with a major portion of their momentum flux carried by gravity waves originating in the
troposphere. During aseend-ascent the amplitude of these gravity waves increases due to the-decreasing atmospheric density.

In turn, this amplification can lead to saturation and thus breaking of the gravity waves. In this process, GWs deposit
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momentum, which in turn acts as a forcing mechanism for the large-scale circulation in the stratosphere and mesosphere (An-

drews et al., 1987). Locally, gravity wave breaking can cause turbulence in the stratosphere and mesosphere (Hodges Jr., 1967).

In recent years, there has been growing interest in understanding the contribution of small scale dynamics, specifically
GWs, to stratosphere-troposphere exchange and mixing in the upper troposphere and lower stratosphere (UTLS) (e.g., Luderer
et al., 2007; Kunkel et al., 2019; Lachnitt et al., 2023). The UTLS is an intriguing region for GW studies, serves both
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as source and sink, due to its characteristics of jet streams, strong inhomogeneities in wind fields, horizontal temperature

gradients, as well as abrupt changes in atmospheric stability. While horizontal temperature gradients influence the background

wind structure and baroclinicity, vertical stability affects wave amplification and dissipation. These characteristics chiefly
influence GW propagation and a potential source for GW dissipation. Mereever—this—-makes—the UTELS-both-a—seuree—and

a-stnk-of-GWs—Regions of baroclinic instability and jet streaks are often associated with enhanced GW activity, forming
hotspots where GWs are frequently generated and interact with the background flow (Pleugenven-and-Snyder;2005)

Plougonven and Snyder, 2005; Zhang et al., 2015a). Consequently, the UTLS serves as an important source region for GWs,
shaping their propagation and interaction with larger scale atmospheric processes.

GWs strongly influence the dynamical and thermodynamical structure of the atmosphere, particularly in the UTLS. By inter-
acting with the background flow, GWs can amplify the strong vertical wind shear, from now on vertical shear, often leading to

the regions of reduced static stability. Such interactions can give rise to the tropopause shear layer Gl%lfka}u%&ekﬂfz@%

—quantified-as—the—(TSL, Kaluza et al., 2021), defined as the region near the extratropical tropopause characterized b
maximum occurrence frequency of enhaneeé#ef&ea}*hea%—H—-FM 2, where vertical wind shear is given

M i.e. the squared vertical gradient of the horizontal wind components H—aﬁdﬂf.—?h%&pfeimﬂﬂeed

sueh-as-areas-of-U and v. Following Kaluza et al. (2021), regions of enhanced shear are defined as those where S? exceeds
a threshold value SZ, which corresponds to the 95! percentile of total S? values within a climatological dataset. This
statistical approach allows the identification of particularly strong shear events associated with tropopause disturbances.

Observational studies suggest that GW-induced enhancements of shear can reach values on the order of 10 2-10 3 s !

., Lane et al., 2004; Kaluza et al., 2021
streaks, and upper-level frontal zones (Koch et al., 2005; Wang and Zhang, 2007). Lane-etal(2004)-demonstrated-that- G'Ws
e-These are also regions where clear air turbulence (CAT)

ar-frequently occurs, sometimes triggered by
WM%WWWWWWM@M) Moreover, GWs play a pivotal role in

modulating the stability of the tropopause inversion layer (TIL), a thin layer above the tropopause characterized by a sharp

active regions such as baroclinic instability, jet

increase in static stability (Kunkel et al., 2014). Through wave breaking, momentum deposition, and induced instabilities, GW's
can influenee-affect the vertical structure of stability and help-maintain-contribute to the sharp stratification of the TIL (Zhang
et al., 2015b; Kunkel et al., 2019; Zhang et al., 2019). This bidirectional interaction between GWs and stability gradients plays
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GWs further signi cantly in uence tracer transport and mixing in the UTLS, particularly through the generation of

turbulence. GWs can foster the generation of turbulent ows. One way is to enhance the strong vertical shear, which leads

to dynamical instabilities such as Kelvin-Helmholtz instability (KHI), or another possibilitgrésvity wave breaking at

critical levels where the phase speedtioése waves matches the background wind (e.g., Shapiro, 1978; Whiteway et al.,
2004; Lane and Sharman, 2006) leading to localized turbulent mixing. These processes are prominent in the extratropical
transition layer (ExTL), a chemical tracer based transition zone around the tropopause, where turbulence facilitates tracer
exchanges and cross-isentropic mixing (e.g., Hoor et al., 2004; Pan et al., 2006). This mixing layer, where the tracer-based
tropopause indicates a blurred boundary between stratospheric and tropospheric air masses (Hegglin et al., 2009), is «
direct consequence of STE and turbulent diffusion. More so, the EXTL is part of the lowermost stratosphere (LMS),
which can broadly be de ned as the region between the height of the extratropical and tropical tropopause (Weyland

Observational studies including airborne measurements and radiosonde data, show that turbulence in the EXTL enhances th
vertical redistribution of chemical tracers, such as ozone and water vapor, as well as other radiatively active species, impacting
UTLS composition and in uencing radiative and dynamical procegstmretal;2004:Birneretal,2002: Birner,2006)

(! rner et al., 2002; Birner, 2006; Zhang et al., 2015a). This and the modulation of potential vorticity
(PV) gradients near the tropopause suggest that GWs might play a role in enhancing mixing and modifying the structure
of the mixing layer{e-g-—Kunkeletal-2019.9.. Kunkel et al., 2019). High-resolution numerical simulations empha-

size the role of GWs in enhancing wind shear and triggering instabilities, leading to efcient mixing in the UTLS

{Zhang-et-al2015b;-Spreitzeretal—20EN., Spreitzer et al., 2019). Additionally, simulations of midlatitude cyclones

reveal the impact of tropospheric jet streak, wind speed, shear enhancement, and GWs on CAT occurrence, highlighting their
interaction with wind shear pro les (Trier et al., 2020; Lane et al., 2004). Evidence from the DEEPWAVE (Deep Propagating
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Gravity Wave Experiment) campaign has shown that orographic GWs can induce cross-isentropic mixing through turbulence
(Lachnitt et al., 2023). This mixing led to irreversible changes in tracer distributions, providing direct proof of the role of
GW-induced turbulence in shaping the UTLS composition. These ndings underscore the coupling between GW dynamics
and mixing processes, particularly within EXTL, where chemical gradients are sharpest and small-scale dynamics play a
crucial role in vertical transport and mixing, further in uencing large-scale atmospheric processes.

Sources of GWs in the extratropical atmosphere can be manifold. Many GWs results from ow over topography (e.g.,
Durran, 1995; Lachnitt et al., 2023), while the GWs can also emerge above the convective systems (e.g., Lane et al., 2001;
Fritts and Alexander, 2003; Lane and Sharman, 2006; Alexander et al., 2010). Another important source is baroclinic waves
with their jet and fronts (O'sullivan and Dunkerton, 1995; Plougonven and Zhang, 2014). In the extratropical atmosphere,
this source is commonly associated with baroclinic waves, but still can be regarded as a less well understood source of

GWs. Surface fronts and upper level jet streams associated with baroclinic wave development, generate GWs primarily

more horizontally and, while interacting with the background ow can foster the generation of shear and turbulence (e.g.,
Plougonven and Snyder, 2005; Zilicke and Peters, 2006; Trier et al., 2020; Kaluza et al., 2021). This source of GWs is
particularly signi cant because baroclinic life cycleghich are quasi-periodic, being large-scale wave patterns in midlat-
itudes, are a persistent feature of extratropical atmosphere, with 4-8 distinct baroclinic waves typically evident (Hoskins
et al., 1985). Ultimately, the GWs associated with baroclinic waves affect the tropopause structure and may signi cantly
contribute to mixing in the UTLS. In particular, their contribution for shear occurrence in the UTLS has not been systemati-
cally studied despite the indications presented in recent years (e.g., Kunkel et al., 2014; Zhang et al., 2019; Kaluza et al., 2021).

A way to approach baroclinic life cycles and processes within is to use an idealized numerical representation of these
waves. In fact, several studies used idealized setups to study GWs within baroclinic life cyclestsaaies of experiments,
O'sullivan and Dunkerton (1995) were the rst to show that GWs, more precisely inertia gravity waves, emerge in dry

turbulence generation. Wei and Zhang (2014) studied the effect of additional moisture in the setup on the appearance of the
GWs. Although they show that the convectively generated GWs emerge much earlier in fast-growing moist baroclinic wave,
their role in the subsequent mixing was not explored. Kunkel et al. (2014) show that GW from baroclinic waves can alter the
tropopause structure and generate an environment prone to mixing and STE. However, they did not systematically study the

role of GWs on shear generation and the consequences for turbulence occurrence.

In this study, we utilized some ideas from previous studies to better understand the role of GWs associated with baroclinic
life cycles on the generation of shear and consequent turbulence in the lowermost stratosphere. We do this in the framework

of idealized baroclinic life cycle experiments of varying complexity with the ICOsahedral Non-hydrostatic (ICON) model.
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Speci cally, we address the following questions: i) How does the ICON model resolve GWs in idealized baroclinic life cycle

instabilities in the lowermost stratosphere, which could lead to mixing? and iii) How much do GWSs contribute to the enhanced
shear in the lower stratosphere?

simulations havecertainlimitations. While the appearancef gravity wavesandtheir effect on shearare

overview of the experiments used in this study. In section 3, we provide a detailed examination of the evolution of baroclinic
life cycles and the spatial resolution sensitivity experiments, with the GWs appearance therein. Then, we take a closer look at
some GW events. Section 4 discusses the occurrence of shear and turbulence in the LMS and their relation to the small-scal
GWs in different baroclinic life cycles. We further provide a comprehensive analysis of the possible contribution of GWSs in
the generation of TSL in section 5. Finally, we summarize outcomes from the idealistic approach and provide some concluding

remarks in section 6.

2 Model con guration and numerical experiments
2.1 Adiabatic model con guration

We conducted baroclinic life cycle (BLC) experiments in an idealized con guration of the non-hydrostatic ICON model (Z&ngl
et al., 2015). Firstly, the dynamical core of ICON is used to simulate the dry adiabatic experiments. In this study, the ICON
model is set up over the global domain, from the surface up to a height of 35 km. ICON uses the icosahedral triangular grid
that provides nearly homogeneous coverage of the globe, alleviating numerical stability cenemsathy-theso-called'pole

back into the computational domain, the sponge covers the upper 13 kilometers of the model domain. Free slip boundary con-
ditions are applied at the surface in ICON, assuming zero tangential wind velocity, representing smooth ow over the surface
without friction. The ICON model effectively simulates atmospheric dynamics by numerically solving the fully compressible,
non-hydrostatic Navier-Stokes equations. The time integration of ICON combines the Matsuno scheme and the Heun scheme
(also known as the trapezoidal scheme), commonly known as the predictor-corrector scheme (Zangl et al., 2015). Numerical
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hyper-diffusion is used to reduce the impact of inherently produced grid-scale checkerboard error patterns on numerical sim-
ulations. In the dry dynamical experiments, we exclude the topography and moisture, which eliminates the possibility of the
generation of gravity waves by topography or diabatic heating. Thus, the GWSs in this simulations are generated internally.

2.2 Physical parameterizations

The atmospheric physics module of ICON comprises a multitude of schemes designed to depict diabatic and turbulent processe
at the subgrid-scale and their in uence on the resolved circulation. In our simulations, we want to investigate the impact of
certain physical processes on gravity waves. In particular, our focus is to examine the impact of latent heating and turbulence on
the gravity waves and, ultimately, the emergence of shear and dynamic instability in the lowermost stratosphere. To accomplish
this, we include a minimal set of physical parameterizations that reliably represent these processes. A detailed description of
such diabatic processes formulation are given in Prill et al. (2020). We brie y outline the schemes used in our simulations, with

further details provided in the next section.
2.2.1 Turbulence: vertical transfer and diffusion

We employ the moist turbulence scheme TURBDIFF (TURBulent DIFFusion) developed by Raschendorfer (2001), which em-
phasizes the distinction between turbulence and potential non-turbulent components of the subgrid-scale energy spectrum. Thi

counting for extra shear production of TKE driven by non-turbulent subgrid-scale ow structures. This scheme can also amplify
the intensity of turbulent vertical mixing. Three-dimensional turbulent effects are neglected which is a valid approximation for
simulations on the mesoscale, which means that horizontal homogeneity is assumed. Therefore, the Boussinesq approximatio
is taken into account while parameterizing only vertical turbulent uxes. Furthermore, the vertical change in speci ¢ humidity

gv and cloud wateqc, as well as the vertical shear of the horizontal wind components, have a substantial impact on the TKE
budget equation. In the case of moist simulations, TURBDIFF includes processes related to saturation adjustment, which leads
to latent heating and impacts the overall energy budget. Further information is provided in Raschendorfer (2001).

2.2.2 Cloud microphysics and latent heat release

In ICON, cloud microphysics parameterization uses a closed set of equations to calculate the formation and evolution of
condensed water in the atmosphere. These provide the latent heating rates for the dynamics. Latent heating can occur a
part of the microphysics scheme, chie y via the saturation adjustment and the convection scheme which leads to convective
precipitation. The saturation adjustment process converts any supersaturation into cloud water or ice, releasing latent heat an
thus in uencing atmospheric stability. Notably, the employment of saturation adjustment leads to latent heating, which impacts
the overall energy budget. This excess energy signi cantly in uences the dynamics of the atmosphere, marking a signi cant
difference from the dry simulations where such effects are absent. The present study used a single-moment microphysics
scheme (Seifert, 2008) which predicts speci ¢ humidjfyalong with the speci ¢ mass content of four hydrometeor categories



195

200

205

Figure 1. Zonally symmetric balanced initial conditions at 3B longitude: zonal winds—(shaded contours, 5 m$ spacing), potential

for valueseﬂa%eﬂ%,&%jz, 0.2£%,%g%ganq9.029kg 1 (dottedtgjue lines, from bottom to top), tHgi:achthick dashedine marks the

location of dynamical tropopause, de ned as the{3&PVU potential vorticity isosurface.

such as cloud water, rainwater, cloud ice, and snow. This study solely focuses on understanding the impact of microphysics
and, speci cally, the associated latent heat release of the large-scale clouds on GWs, excluding the convective scheme, whict
would necessitate a more intricate con guration, including radiation and surface uxes.

2.3 Model experiments
2.3.1 Initial state

For our initial state, we follow the setup proposed in the Dynamical Core Model Intercomparison Project (DCMIP2016,

Ullrich et al., 2017) test case. The initial state is composed of a zonally symmetric background state, which is in thermal
wind balance and a perturbation to trigger a faster baroclinic wave evolution. The background state is initiated globally, while
introducing the perturbation only in the northern hemispheric UTLS. Consequently, a baroclinic wave will only emerge in the

of the Northern Hemisphere.
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Figure 1 shows the initial background state for zonal wind, potential temperature, potential vorticity, and speci ¢ humidity.
In DCMIP, a weak, Gaussian-shaped wind perturbation is introduced at the center of the model domain, which points to the
location (20 E, 40 N) at the altitude of the tropopause. The mid-latitudinal jets atMf& are centered slightly below the
tropopause, with the horizontal mean surface temperature of T = 288 K. Moreover, the zonal wind is derived under the thermal
wind balance. A moist variant of the dry dynamical test is considered here to understand the impact of moisture feedback

We will discuss both cases in our result sections since the two solutions provide some coverage of the life cycles observed
in the real atmosphere. The DCMIP case with the zonal wind perturbation leads to a life cycle resembling a case known as life
cycle type K{tCtTFhorneroftetal; 19930 C1, Thorncroft et al., 1993). This type shows the development of a stratospheric

streamer along with anti-cyclonic wave breaking. The DCMIP stream function case leads to a different evolution, which has
some resemblance to the life cycle type 2 described in Thorncroft et al. (1993).

2.3.2 Dry and moist baroclinic life cycle experiments

In total, we will discuss the results from 20 different baroclinic life cycle experiments (see Table 1). The life cycles vary in
their initial state, the model resolution, or through the addition of physical processes. We conducted ten simulations with a dry

to 80 km (R02B05). We changed the number of vertical levels between 40 and 100 while keeping the domain height constant
at 35 km altitude. These levels resulted in roughly 900 m or 300 m grid spacing in the UTLS. The simulations with 20 km
horizontal grid spacing and 100 vertical levels will be regarded as our reference simulation (REF), for which we also conducted
the majority of the physics-added simulations. The other simulations are either denoted as high (HRES), medium (MRES), or
low (LRES) simulations. This setup strategy allows us to study the emergence of gravity waves, shear, and potential turbulent
regions in our simulations.

In the next step, we perform sensitivity experiments focusing on non-conservative processes, including either turbulence
(further denoted as TURB) or cloud microphysics (CMP). For both initial states, we study the effect of moisture and, particu-
larly, the effect of latent heat release on the GW, shear, and turbulence appearance. Two simulations only used the saturatiol
adjustment scheme of the model to mainly study this latent heat feedback (MOIST). Additionally, we run two more simula-
tions with a simple cloud microphysics scheme to address potential additional effects (CMP). We note here that the MOIST
simulations have been carried out for all resolutions used in the dry adiabatic setup. However, since the general difference
between dry and moist simulations is very similar, independent of the resolution, only the results for the REF cases are shown

and discussed further.



Table 1. Summary of idealized DCMIP experiments performed using ICON

Dry adiabatic simulations

Experiments

Short Description
ICON grid

D x(

in km), Dz (model levels)

REFRyind
REFstream
HREStream
HRESying
MRESyind
MRESsiream
MRES4Qying
MRES4Gtream
LRESying
LRESstream

wind perturbation with R02B07

stream perturbation with R02B07

stream perturbation with RO3B07

wind perturbation with RO3B07

wind perturbation with R02B06

stream perturbation with R02B06
wind perturbation with R02B06 on 40 levels
stream perturbation with RO2B06 on 40 levels
wind perturbation with RO2B05 on 40 levels
stream perturbation with R02B05 on 40 levels

20, 100 (300 m)
20, 100
2013, 100
2013, 100
40, 100
40, 100
40, 40900 m)
40, 40
80, 40
80, 40

Simulations with physical forcing

Experiments

Short description

Schemes used

REFing MeistMOIST,

REFying TURB
RERying CMP
REFying TURB CMP

REFstreamTURB
REFstreamCMP
REFstreamTURB CMP
REFRstream TURB MoistMOIST

Wind perturbation with moisture
Wind perturbation, turbulence
stream perturbation, cloud microphysics

stream perturbation, turbulence and cloud microphysics

turbulence with moisture
stream perturbation with moisture
stream perturbation, turbulence
stream perturbation, cloud microphysics

stream perturbation, turbulence and cloud microphysics

turbulence with moisture

saturation adjustment
Raschendofer
single moment
Raschendofer + single moment
Raschendofer
saturation adjustment
Raschendofer
single moment
Raschendofer + single moment

Raschendofer







