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Using a non-linear global primitive equationmodel, sponta-
neous inertia-gravity wave (IGW) emission is investigated in
an idealized representation of the stratospheric polar night.
It is shown that IGWs are spontaneously emitted in the in-
terior of the fluid in a jet exit region that develops around a
nonlinear Rossbywave critical layer. Two key ingredients for
the generation are identified: the presence of a Rossbywave
guide on the polar night jet; and a zero wind line on the jet
flank that gives rise to nonlinear Rossby wave breaking and
strong distortion of the flow. The emission of IGWs appears
here as a quasi-steady process that begins at a well-defined
timewhen theflowdeformationbecomes large enough. Part
of the emitted IGWs undergoes wave capture by the cat’s-
eye flow in a Rossby wave critical layer. Another part — in
a form of a well-defined IGW packet — escapes the wave
capture limit, and propagates away into the far field. The
propagating wave packet is numerically well-converged to
increases in both vertical and horizontal resolution and thus
provides an ideal test bed for understanding IGWemission
and informingnonorographic gravitywavedragparametriza-
tion design.
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2 POLICHTCHOUK & SCOTT

1 | INTRODUCTION
Spontaneous emission of inertia-gravity waves (IGWs) from jets and fronts provides an important source of gravity
waves in the atmosphere (e.g. Fritts and Nastrom, 1992; Eckermann and Vincent, 1993; Hertzog et al., 2008). IGWs
transport heat andmomentum, contribute tomixing, and, have horizontal scales of O(10 − 1000)km and frequencies
between the Brunt-Väisälä frequency and the Coriolis frequency. Such nonorographically generated IGWs are not fully
resolved in most weather and climate models and so their effect on the larger scales is often parametrized using several
simplifying assumptions (see discussion in e.g. Richter et al., 2010). Gaining a better understanding of nonorographic
IGWgeneration can, therefore, help to inform parametrization design.

Several observational case studies have stressed spontaneous IGW emission from jet exit regions. While the
emphasis hasmostly been on emission from the tropospheric mid-latitude jet (e.g. Uccellini and Koch, 1987; Plougonven
et al., 2003), a recent case study by Dörnbrack et al. (2018) also emphasizes emission from the jet exit region of
the stratospheric polar night jet during the 2016minor sudden stratospheric warming in the Northern Hemisphere.
Radiosonde observations in Antarctica also reveal that the stratospheric polar night jet is an important source of IGWs
(Yoshiki and Sato, 2000; Yoshiki et al., 2004; Sato and Yoshiki, 2008).

Motivated by the above observational studies, it is natural to consider whether spontaneous IGWemission from
the stratospheric polar night jet can be represented in an idealized three-dimensional numerical model, where the
emitted IGWs arewell resolved and can be identifiedwithmore precision. In this regard, the present work complements
previous numerical studies that havemostly focused on the IGWemission from tropospheric sources, namely surface
fronts and baroclinic life cycles (e.g. Snyder et al., 1993; O’Sullivan and Dunkerton, 1995; Zhang, 2004; Plougonven
and Snyder, 2007). The baroclinic life cycle studies have particularly emphasized IGWemission in the jet exit region
near the tropopause, although a tropopause is not a necessary ingredient for this kind of IGWemission (Viúdez and
Dritschel, 2006). At least part of the emitted waves in baroclinic life cycles have been explained as resulting from “wave
capture” by the deforming background flow (Bühler andMcIntyre, 2005; Plougonven and Snyder, 2005) in which IGWs
are strained by the large scale horizontal deformation field andmodified by the vertical shear. In the present study, the
focus is again on IGW emission from a jet exit region, but in the absence of baroclinic instability and away from the
boundaries such as the surface or tropopause.

A simple model of spontaneous IGW emission from jet exit regions that avoids the complicated flow structures
of baroclinic instability is that of a steadily propagating cyclone-anticyclone dipole in a continuously stratified flow
(McIntyre, 2009). Such a dipole represents an idealization of the flow in a jet exit region of the baroclinic flowswithout
the complexity of time dependence and complicated spatial structure. Snyder et al. (2009); Viúdez (2007); Yasuda et al.
(2015) have shown that the spontaneous IGWemission in such dipole flows can be understood as a linear response to
forcing, which can be considered as arising from the small deviations from an exactly balanced flow andwhich increases
with increasing Rossby number. The crucial ingredients for IGWemission here are strong velocities in the jet providing
strong advection and significant along-jet variations producing the forcing (Plougonven and Zhang, 2014). The strong
advection acts to project the otherwise slow forcing onto the fast IGW timescales, enabling spontaneous emission.
Again, the structure of the emitted wave field is best understood in terms of wave capture by the large-scale dipole field.

Spontaneous IGWemission from vortex dipoles and baroclinic life cycles differs from the classic Lighthill theory on
spontaneous emission in both the spatial scales and temporal nature of the emittedwaves (for comprehensive discussion
on this and the different forms of spontaneous emission seeMcIntyre (2009)). Under Lighthill type scenarios unsteady
vortical motion spontaneously emits IGWswith horizontal scales larger than or comparable to the horizontal scales of
the source region. In vortex dipole and baroclinic life cycle studies, on the other hand, the emission is a quasi-steady
process (i.e. steady on a timescale of the IGWs), and, the emitted IGWs have small scales in comparison to their source,
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POLICHTCHOUK & SCOTT 3

due to the effects of wave capture.
The small scales of emitted IGWs in baroclinic life cycle and dipole experiments pose challenges for numerical

studies, in which emitted waves are often sensitive tomodel configuration andwhere numerical convergencemay be
difficult or not practically possible (e.g. Zhang, 2004; O’Sullivan andDunkerton, 1995; Plougonven and Snyder, 2007).
This has hindered attempts to provide a more quantitative description of the emitted waves, for example relating
frequency and wavenumbers to aspects of the balanced flow. One feature of the IGW emission in the stratospheric
context presented here is that numerical convergence of most aspects of the flow is achievable at relatively modest
resolutions.

A separate line of investigation of spontaneous emission has used simple analytic models to analyze the coupling
between balanced and unbalancedmotions asymptotically (Vanneste, 2004; Vanneste and Yavneh, 2004; Olafsdóttir
et al., 2008). These range from low-ordermodels, such as Lorenz-Krishnamurthymodel discussed in Vanneste (2004)
to more complex models that allow for a description of three-dimensional features in slowly evolving background
flow with perturbations in a pure horizontal shear (Vanneste and Yavneh, 2004). In these studies, IGW emission is
exponentially small in Rossby number and analysis typically requires severe idealizations of the background flow.
The most sophisticated of these analytic models describe IGWs emitted from three-dimensional potential vorticity
anomalies embedded in a background shear flow (Olafsdóttir et al., 2008; Lott et al., 2012). In this “sheared modes”
description the flow is initially balanced, but evolves slowly in time as a result of the externally imposed shear. The
spontaneous IGWemission turns on at a well-defined point in timewhen the balanced flow projects onto wavemodes
in the far field. This description can thus be contrasted with the dipole studies discussed above, in which the unbalance
— and therefore IGWemission— is present in the beginning due to the particular flow configuration and in which the
spatial structure of the dipole results in the wave capture.

In realistic atmospheric flowswithmore complicated time evolution and spatial structure, it is likely that elements
of both dipole-like wave capture and the shearedmode-like spontaneous emission resulting from a structural change in
the balanced flowwould be present. So far, and to the best of the authors’ knowledge, clean numerical simulations of
spontaneous emission in three-dimensional, time-evolving flows, in which well-defined IGW packets are generated
spontaneously at a well-defined point in time and propagate unambiguously away from an interior source region are
still missing. One feature of the experiments presented below is that, while some evidence of wave capture can be seen,
much of the emission is in the form of such a well-defined IGWpacket that appears when the flow becomes sufficiently
deformed and subsequently propagates away from the source region.

This paper is structured as follows. Section 2 describes the model, the experimental setup and the diagnostics
used. Section 3 describes the results of spontaneous IGWemission from a deforming stratospheric polar night jet. This
section also shows the convergence of the solutions to horizontal and vertical resolution as well as the robustness of
the results to the chosen polar vortex profile. Finally, conclusions are given in Section 4.

2 | METHOD
2.1 | Numerical model
Weuse a global, pseudospectral, pressure coordinatemodel, which solves the dry hydrostatic primitive equations in
a compressible (non-Boussinesq) atmosphere. The details of themodel, Built on Beowolf (BOB) dynamical core, are
documented in Scott et al. (2004). As the aim is to study gravity wave emission from the polar night jet, BOB is used
in a stratosphere-onlymodewith a lower boundary placed at 200 hPa and the upper boundary at 0.02 hPa. The only
external wave source is a zonal wavenumber-2 forcing at the lower boundary, representing wave generation in the
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4 POLICHTCHOUK & SCOTT

troposphere.

The initial condition is a height-independent polar night jet u , centered at 60◦N:

u(φ) =


u0 sin3 φ cosφ, φ > 0

0, otherwise
(1)

whereφ is latitude and u0 = 150m s−1. This results in a ∼50m s−1 jet, which is shown in Figure 1 (black solid line). The
initialT0 = 240K isothermal temperature distribution is specified, which results in a realistic stratospheric stratification
with Brunt-Väisälä frequency N = 2 × 10−2 s−1 (see e.g. Figure 4 in Fueglistaler et al., 2011).

To assess the robustness of our results to the choice of the initial jet profile, we also consider a second initial
condition, in which the polar vortex is represented by a simple patch of uniform Ertel potential vorticity, q , with

q (φ) =


2Ω sinφ, φ < 0
2Ωq0 sinφsin π3 , 0 ≤ φ < π

3

2Ωq1, φ ≥ π
3 ,

(2)

where q1 = 1.15 and q0 = 1−2q1(1−sin π3 )sin π3 . The zonal wind profile corresponding to q (φ) is also shown in Fig. 1 (red dashed
line). Spontaneous IGWemission for this initial condition is discussed in section 3.2.

Stationary planetary wave-2 is forced at the lower boundary by prescribing a geopotential height perturbationΦ′
(similar to Scott and Polvani, 2006):

Φ′(φ, λ, t ) =


gh0(t ) sin2(π φ−π/6π/3 ) cos 2λ, φ > π

6

0, otherwise
(3)

where λ is longitude and where a perturbation amplitude h0(t ) grows linearly at a rate of 10 m day−1 to minimize
spurious generation of gravity waves during initialization. While it is impossible to completely eliminate a small amount
of gravity wave generation associatedwith the growth of the forcing, this was observed to be tiny relative to subsequent
emission. In particular, slower amplitude growth rates were also investigated andwere found to result in a similar IGW
emission as for the 10m day−1 rate. Themodel is integrated for 40 days. To prevent wave reflection from themodel top,
a sponge layer above 0.5 hPa is applied in a form of a linear damping at a rate τ−1 = α max{0, [(0.5 − p)/0.5]2 }, where p
is pressure and α =4(day)−1. The damping is not applied on themean flow.

Results at T170L80 resolution aremostly discussed. This resolution is equivalent to horizontal grid spacing of 0.7◦
and the vertical grid spacing of approximately 800m. The convergence of results to both the horizontal and vertical
resolutions will be investigated in section 3.1, by performing simulations also at T85 and T341 horizontal resolution (or
1.4◦ and 0.35◦, respectively) and L40 and L160 vertical resolution (or 1600m and 400m, respectively). Enstrophy at
small scales is removed by applying a scale-selective hyperdiffusion+8, with a hyperdiffusion coefficient chosen such
that the highest resolvedwavenumber is dissipated at a timescale of 1.5 h at all horizontal resolutions.
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POLICHTCHOUK & SCOTT 5

2.2 | Gravity wave diagnostics
The gravity waves found in our simulations are low frequency IGWs. The dispersion relation for hydrostatic IGWs under
the approximationm >> kh is (e.g. Fritts and Alexander, 2003; Holton, 1992):

ω̂2 = N 2
k 2
h

m2
+ f 2 (4)

where ω̂ = ω − k · u is the intrinsic frequency, u is the horizontal background wind, k is the horizontal wavenumber
vector (k , l ), and m is the vertical wavenumber; kh = √k 2 + l 2; f = 2Ω sinφ is the Coriolis parameter; and, N is the
Brunt-Väisälä frequency. The ground-based group velocity cg of an IGWpacket is:

cg = u + N 2

ω̂m2

(
k , l ,−

k 2
h

m

)
. (5)

The convention is that for westward (k < 0) and upward (m < 0) group velocity, the intrinsic phase propagation is
westward and downward.

In what follows, gravity wave packets are diagnosed from the divergence field, filtered by removing planetary and
synoptic scales, necessary since the balanced flow itself contains a substantial divergent component. To achieve this it
was found to be sufficient to simply remove all zonal wavenumbers 1–8 (i.e. horizontal scales larger than approximately
3500 km atmid-latitude). It should be noted that more reliable balance-imbalance decompositionmethods exist (e.g.
Viúdez andDritschel, 2006; Kafiabad andBartello, 2016; Eden et al., 2019), but are unnecessary for the relatively simple
flows considered in this study.

The vertical flux of horizontal momentum of a gravity wave is calculated as follows:

(Fpx , Fpy ) = ρ(u′w ′,v ′w ′), (6)

where ρ is the background density, and u,v ,w is the zonal, meridional and vertical wind, respectively. The overbar
denotes a time and zonal mean and primes are obtained by removing all zonal wavenumbers 1-8. The total vertical flux
of horizontal momentum due to gravity waves is then:

Fph =
√
F 2px + F

2
py . (7)

3 | RESULTS
Spontaneous IGW emission from the deforming idealized polar vortex is now discussed beginning with the initial
condition (1). At t = 0, the topographic wave forcing begins to increase, generating zonal wavenumber-2 Rossby waves
with broadmeridional scale. These propagate upward and equatorward on the curvature of the background flow 1, and
encounter an absorbing critical layer region near 30◦N (i.e. in the region of diminishing easterlies), deforming the flow
streamlines into the typical “cat’s-eye” pattern. The location of the critical layer region here is consistent with that in the
real stratosphere (e.g. Hitchman andHuesmann, 2009).

Figure 2 shows latitude-longitude cross sections of streamlines with filtered divergence field (shading) at different
1Refractive index (Matsuno, 1970) can be used to assess the meridional and vertical location of Rossby wave propagation, although the assumptions of scale
separation and small amplitude disturbances are often not appropriate in the winter stratosphere (e.g. Scott, 2019).
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6 POLICHTCHOUK & SCOTT

altitudes and times in the evolution. As the flow deformations increase, twomonochromatic gravity wave packets are
emitted at 30◦N, at t = 26 days (at which time the amplitude of the topographic forcing at 60◦Nhas reached 260m).
The emission beginsmost strongly at z = 20 km, approximately one scale height up from the bottom boundary. Since
the only explicit wave source in the system is the zonal wavenumber-2 topography, and since there is no obvious shear
instability of the balanced flow, the gravity waves appear to be spontaneously emitted from the balanced flow in the
anticyclone, in the jet exit region. The stronger emission in the anticyclones compared to the cyclones is consistent with
previous analytical studies (Vanneste and Yavneh, 2004; Olafsdóttir et al., 2008).

The IGWpackets in Fig. 2 in the jet exit region resemble those present in the jet exit region in tropospheric baroclinic
life cycles (O’Sullivan and Dunkerton, 1995; Plougonven and Snyder, 2007), with the important distinction that here the
gravity waves are generated in the interior of the stratosphere, away from boundaries or any strong variations in static
stability. From Fig. 2, the estimate for the horizontal wavelength in the source region at 30◦Nand 120◦E is λx ≈ 2500 km
(with k >> l ). An estimate for the vertical wavelength in the source region is λz ≈ 8 km, which can be obtained by
examining vertical cross sections of filtered divergence at 30◦N (not shown, but see ahead to Fig. 4). This results in a
horizontal to vertical aspect ratio of 300, consistent withN /f (recall thatN = 2 × 10−2 s−1). From equation (4) this gives
an intrinsic frequency of ω̂ ≈ 1.4f . Inspection of a vertical cross section at 30◦N (not shown) reveals that the phase lines
are tilted upward and westward (k < 0,m < 0). Thus, from equation (5) cg ≈ (−1.4 × 103, 0, 4.5) km day−1 + u. In the
regions where the zonal wind speed (i.e. the component of velocity parallel to the local wave vector) exceeds intrinsic
zonal group velocity, part of the emitted waves appear to the east (i.e. downstream) of the source region in the first
column in Fig. 2. Another part is strained by the large scale flow and appears in the anticyclone south of the source
region at 30◦N, and, at later times undergoeswave capture by the anticyclone. This can be seen in Figure 3, which shows
a close-up view of filtered divergence in the cat’s eye at z = 20 km and at t = 34 days.

To the north of the source region, a well-defined gravity wave packet escapes the critical layer region and “leaks”
into the upper stratosphere into the far field (see middle panel in Fig. 2). To illustrate more clearly the extent of the
vertical and poleward propagation away from the source region, Figure 4 shows vertical cross sections through the line
segment shown in Fig. 2h. The horizontal wavelength of this IGWpacket is λx ≈ 1200 km, and the vertical wavelength
varies from λz ≈ 3 km at low latitudes to λz ≈ 8 km at 60◦N, at the latitude of the jet core. The increase in the vertical
wavelength with increasing latitude appears consistent with the increase in the vertical wavelength expected from
increase in the horizontal wind speed for waves obeying mid-frequency dispersion relation — i.e. on neglect of f in
equation (4). Note that in Fig. 4 another IGW is present just above the jet core at t = 29 days (i.e. at 25◦Nand 110◦E)
that is part of the waves seen in the first column of Fig. 2. This wave does not propagate further upward and appears to
be captured by the local jet structure.

The background flow strongly affects where the “leaked” IGWpacket propagates: the propagation is not directly
upward. Instead the packet propagates upward and north-eastward, focusing into the core of the polar night jet at 60◦N
as it propagates up. Such focusing has been previously discussed in Dunkerton (1984); Sato et al. (2009, 2012) and can
be explained by the alignment of the wave vector andmean flow as follows (see also an enlightening schematic in Fig. 6
of Sato et al. (2012)). From themiddle panels of Fig. 2 it can be seen that thewavenumber vector k points from southeast
to northwest. The intrinsic horizontal group velocity ĉg is parallel to k, whereas the ground-based horizontal group
velocity cg = ĉg +u (recall that u is the horizontal backgroundwind vector). Since the backgroundwind is predominantly
westerly, the ground-based group velocity cg is rotated clockwise from the direction of the wavenumber vector k. The
result is that the wave packet moves with this cg in a more northeast direction and into the jet core.

The gravity wave emission from the jet exit region appears to be associated with a strong along-jet flow variation
combinedwithmoderate 15-20m s−1 jet velocities. As discussed in (McIntyre, 2009), the spontaneous emission relies
on spatial and/or temporal scale matching in the source region, which occurs most efficiently for O(1) Rossby number.
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POLICHTCHOUK & SCOTT 7

Tomeasure unbalance we calculate the advective Rossby number (e.g. Uccellini et al., 1984; O’Sullivan andDunkerton,
1995)

Ro ≡
|u · +u |
|u |f . (8)

Initially the flow is balanced (i.e. Ro = 0 at t = 0) but subsequently slowly time evolving as a result of the growing
planetary wave. At t ≈ 26 days —when the flow deformation becomes large enough— Ro & 0.4 in the source region at
30◦N and z = 20 km, indicating a less balanced flow and the possibility for significant IGWemission. From this time on,
the IGWemission from the jet exit region is a quasi-steady process. It should be noted that IGWemission can occur for
smaller Ro , but the amplitude of the emitted waves decreases rapidly with Ro .

While the IGWemission is a quasi-steady process, the amplitude of the “leaked” IGWpacket increases with time
(see Figures 2 and 4). To elucidate the time evolution of the “leaked” IGWpacket and to relate the emission to the slowly
evolving background flow, Figure 5a shows the time series of the IGWamplitude and the planetary wave amplitude
together with horizontal strain in the source region (i.e. the cat’s eye). The IGWamplitude is defined as themaximum
absolute value of filtered divergence at z = 35 km between 35◦N and 60◦N and the planetary wave amplitude is defined
as themaximum absolute value of zonal wavenumber-2 relative vorticity. Ameasure of mean horizontal strain is given
by (e.g. Plougonven and Zhang, 2014):

S =
1

2

√(
∂u

∂x
−
∂v

∂y

)2
+

(
∂v

∂x
+
∂u

∂y

)2
, (9)

where u and v are zonal and meridional background wind respectively, and the derivatives are taken in spherical
coordinates. In the figure, the IGW amplitude begins to grow exponentially at t ≈ 26 days. After t ≈ 28 days a
subsequent increase in the IGW amplitude appears to be independent from the planetary wave amplitude, which
saturates at t ≈ 28 days. However, the horizontal strain in the source region continues to increase and inspection of
IGWamplitude versus horizontal strain in Fig. 5b reveals that the IGWamplitude grows exponentially with increase in
horizontal strain.

As the amplitude of planetarywave-2 forcing continues to increase linearly with time, it provides a continuouswave
forcing in the source region and hence a continuous emission of IGWs. To investigate whether the amplitude of the IGW
decreases once the planetary wave-2 forcing is switched off at an earlier time, we perform a simulation in which the
wavenumber-2 forcing is first grown and then, from t = 25 days, ramped back down to zero at the same rate of 10m/day.
The relationship between IGWamplitude, planetary wave-2 amplitude and horizontal strain for this simulation is also
shown in Fig. 5 (dotted lines in a) and circles in b)). When the forcing is ramped down, the planetary wave amplitude in
the source region decreases concomitantly, but the IGWs continue to be emitted due to an increase in horizontal strain.
It is only when the strain begins to decrease at t = 32 days that the IGWamplitude also begins to decrease.

To establish the ability of the spontaneously emitted IGWs to affect the background flow, it is of interest to estimate
howmuchmomentum they carry. The total as well as meridional and zonal vertical flux of horizontal momentum due to
the waves shown in Figs. 2-4 is shown in Figure 6 (note the nonlinear contour interval). The figure shows that most of
themomentum is concentrated in the 15 km < z < 30 km region at 30◦N, with relatively little momentum flux being
carried by the “leaked” waves to higher altitudes and latitudes. This means that most of momentum is deposited near
the source region in the lower stratosphere, whereas the saturation and/or breaking of the upward and north-eastward
propagating “leaked” IGW will deposit little momentum in the upper stratosphere. On the other hand, mean flow
changes at these altitudes, where the density is very low, may yet be non-negligible. Note that the signs ρu′w ′ < 0 and
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8 POLICHTCHOUK & SCOTT

ρv ′w ′ > 0 at latitudes poleward of 35◦N and altitudes z > 25 km are consistent with the direction of the horizontal
wave-vector k in the region of propagation.

Compared to the typical observed distribution of the absolute gravity wavemomentum flux in thewinter lower
stratosphere (see e.g. Figure 13 in Ern et al. (2018)), the momentum fluxes from these waves are three orders of
magnitude smaller. Ern et al. (2004) showed that for mid-frequency approximation, equation (7) can bewritten as:

Fph =
1

2
ρ
kh
m

( g
N

)2 (
T ′

T

)2
, (10)

where g is gravitational acceleration,T ′ is a temperature perturbation due to the gravity wave andT is a background
temperature. While the mid-frequency approximation is not strictly valid for low frequency IGWs discussed here,
equation (10) is a reasonably good approximation to Fph in Fig. 6a (not shown). Equation (10) implies that for a fixed
vertical wavelength, the IGWs with their large horizontal wavelengths are not expected to carry a large amount of
momentum and therefore are not likely to have a large effect on the time-mean zonal-mean circulation in comparison to
small horizontal wavelength waves. Having said this, a combined momentum flux from a large number of such IGW
packets might be significant. Because of the sensitivity of the evolution of the polar vortex to small changes in the
background flow (e.g. Birner and Williams, 2008; Matthewman and Esler, 2011; Albers and Birner, 2014), it is not
inconceivable that the cumulative effect of such waves may play a role in modulating larger changes in state of the
winter stratosphere.

3.1 | Convergence to horizontal and vertical resolutions
The IGWs in this study are of a large enough vertical and horizontal scale to be well resolved by the T170L80 resolution.
However, as previous studies have found the properties of the spontaneously emitted gravity waves to be sensitive to
model resolution (e.g. Zhang, 2004; Plougonven and Snyder, 2007), it is pertinent to assess the robustness of our results
to resolution.

We have performed a number of simulations in which the horizontal and vertical resolutions are changed both
separately and together. Here we show results of the latter, in particular, experiments at resolutions of T85L40,
T170L80 and T341L160. This is equivalent to horizontal grid spacing of 1.4◦, 0.7◦ and 0.35◦, and, vertical grid spacing of
1600m, 800m, and 400m respectively. Recall that the hyperdiffusion time scale is fixed to 1.5h for the highest resolved
wavenumber in each experiment. The time step size is 180 s, 90 s and 45 s for the T85L40, T170L80 and T341L160
resolutions respectively.

Figures 7 and 8 compare the emitted gravity wave packet at these resolutions at t=30 days. Fig. 7 shows latitude-
longitude cross sections of filtered divergence and PV fields at two different altitudes and Fig. 8 shows vertical cross
sections of filtered divergence andwindmagnitude. The figures show a clear convergence at T170L80 resolution, as
panels c) and d) are essentially indistinguishable frompanels e) and f) in Fig. 7, and panel b) is essentially indistinguishable
from panel c) in Fig. 8. The convergence of the horizontal wavelengths appears to be achieved already at T85L40
resolution (cf. panels a) and b) with panels c) and d) in Fig. 7). However, the IGWpacket amplitude is tooweak. This is
because the hyperdiffusion is having a larger impact on the large scale flow at T85L40 resolution than at T170L80 or
T341L160 resolutions. The convergence of vertical wavelengths is achieved at 800m (or L80) vertical resolution (cf.
panel b) to c) in Fig. 8). Thus to resolve vertical wavelengths of λz ∼ 3 km (as observed at 30◦N in the 25 km<z<40 km
region in Fig. 4), at least four vertical grid points are needed across a single wave.

At later times, the part of the IGW that is captured by the anticyclone (see Fig. 3) is more sensitive to resolution. As
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POLICHTCHOUK & SCOTT 9

shown in Figure 9, the resolved wavelength at these times becomes smaller as resolution becomes finer, consistent with
the wave capture theory of Bühler andMcIntyre (2005) in which wavelengths are strained by the background balanced
flow to the smallest available scale.

3.2 | Sensitivity to the polar night jet profile
Wenext consider briefly the sensitivity of the spontaneous IGWemission to the details of the polar night jet. To address
this, we perform a simulation similar to the above but with the initial jet profile specified by a PV patch (see equation (2)
and red line in Fig. 1). Figure 10 shows the horizontal cross sections of filtered divergence and PV and Figure 11 shows
the vertical cross section of filtered divergence andwindmagnitude at different times in the evolution for this PV patch
profile. The cross sections again demonstrate clear IGWemission in the jet exit region, similar to that seen in Figs. 2-4
for the smoother initial condition, again with distinct regions of wave capture in the critical layer and wave packet
propagation. In addition to the IGWs emitted in the jet exit region, there is also a region of IGWemission centered on
the PV jump of the vortex edge (i.e. at the core of the jet). These waves originate at the lower boundary and quickly fill
out the jet core region at all longitudes. They thus appear to be related to the jump in the PV and its intersection with
the lower boundary, being absent in the smooth vortex case examined above.

By comparing the basic characteristics of the smooth and PV patch profiles, wemay obtain an idea of the key flow
features needed for spontaneous emission in the current stratospheric context. Both profiles have (i) a well-defined
Rossby wave guide in the form of the polar night jet, enabling vertical propagation of Rossby waves from the surface, as
well as (ii) a broad surf zone region of weakwinds decreasing to zero in the tropics. Less obvious from the zonal wind
profiles, but easily verifiable, is that both profiles also have weak but non zero potential vorticity gradients throughout
this weak wind region. The Rossby waves generated by the wave-2 forcing at 60◦N are therefore able to propagate
equatorward from their source region— on the background of this non-vanishing PV gradient — and encounter their
absorbing critical layer in low latitudes. We hypothesize that this is an important ingredient for IGWemission in the jet
exit region in this study.

The above hypothesis is supported by two further experiments that were performed using variations of the PV
patch profile (not shown). Both represented the polar vortex by a patch of uniform PV, but differed in the PV profile
equatorward of the vortex edge. In one case , PV gradients equatorward of the jet were exactly zero. In the following
time evolution, the vortex edge acted as a near perfect wave guide, with Rossbywaves propagating straight up vertically
from the surface to the upper atmosphere. The flow at low latitudes remained relatively undisturbed and no IGW
emissionwas observed. In the second case, PV gradients equatorward of the vortex edgewere set to the planetary value.
In this case, Rossby waves were able to propagate freely away from the vortex edge. At low latitudes, however, the flow
being everywhere westerly resulted in Rossbywaves simply propagating through the tropics without dissipating and
into the opposite hemisphere. Again, there was no clearly defined low-latitude critical layer region, no jet exit region
and no IGWemission. We thus suggest that non-zero PV gradients in the surf zone and a low-latitude region of weak
winds are both necessary flow features for IGWemission of the form presented here.

4 | CONCLUSIONS

Spontaneous inertia-gravity wave (IGW) emission from the stratospheric polar night jet is relatively unexplored. The
examples presented above provide a first clean illustration that such emission can occur in relatively simple, yet physi-
cally realistic, flows, and provide a link with the recent observational studies of IGW in thewinter polar stratosphere
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(Dörnbrack et al., 2018). In particular, they illustrate two important points. First, that stratospheric sources of IGWs,
though often neglected in nonorographic gravity wave drag schemes used in current general circulationmodels, may
actually be relatively common. Second, they illustrate that IGWwave packets leaving their source regionmay travel
substantial horizontal distances, in addition to their vertical propagation. The assumption of purely vertical propagation
made inmost current gravity wave drag schemes thereforemay not be strictly appropriate.

It should be borne in mind that, while themomentum fluxes found here are many times smaller than those found in
observational studies, much larger fluxesmight be expected frommore complicated flow fields where emissionmight
be either stronger or more widespread. In other words, the care taken to construct as clean as possible an example
of spontaneous emission here necessarily limits the magnitude of the effect. We anticipate that future work with
more complex flow fields will provide a clearer idea (i) of how important spontaneous emission is likely to be in typical
stratospheric conditions and (ii) howmomentum fluxesmight eventually be linked to details of the balanced flow such
as the EP flux divergence associated with planetary scale waves.

To put our study in the context of previously studied idealized paths to spontaneous emission from balanced
flows, we note that the emission here has elements of both the dipole and the “shearedmodes” paradigms discussed
in the introduction. As in the sheared modes case the flow is initially balanced but slowly time evolving due to the
growing planetary wave forcing; the IGWemission then appears to turn on at a well-defined point in timewhen the flow
deformation becomes large enough. Once it begins however, the IGWemission from the jet exit region is quasi-steady
and closer in character to that of the dipole cases. An element of wave capture is present in our study, but in contrast
to the dipole studiesmuch of thewave propagates away from the source region into the far field. The IGWemission
from baroclinic life cycles also has this relation to the dipoles and shearedmodes: the flow is time evolving from a state
of balance to one of unbalance, as in the sheared modes, but once it begins the emission appears quasi-steady and
closer to the dipole case. What distinguishes our simulations from those of baroclinic life cycles is then (i) the relatively
simple, stable vertical structure of the background flow, (ii) that the spatial distortion of the balanced flow develops
simply through the linear growth of planetary wave forcing, and (iii) that the IGW emission occurs in the interior of
the domain, away from the surface or tropopause. Moreover, we note that all aspects of IGW packet emission here
appear to bewell-resolved numerically, with convergence at relatively modest horizontal and vertical resolutions, so
that the example may be a useful test case for further study. In general terms, the key feature of the balanced flow is the
nonlinear development of the cat’s-eye flow in a Rossby wave critical layer, with its associated jet exit region. As far as
the authors are aware, the present work provides the first examples of IGWemission from a such nonlinear critical layer
development. The basic balanced flow configuration, however, is relatively straightforward andmay be constructed in
even simpler flows and geometries; we anticipate therefore that it may be used advantageously to examine fundamental
aspects of IGWemission.
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F IGURE 1 Initial height-independent zonal wind profiles (in [m/s]) for the control case (solid black line) and the
potential vorticity patch case (dashed red line).
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F IGURE 2 Longitude-latitude cross sections of filtered divergence 3 × 106 (shading, [1/s]) and streamlines [m/s]) at
(a-c) t=26 days, (d-f) t=28 days, and (g-i) t=30 days into the evolution at altitude (a,d,g) z=20 km, (b,e,h) z=35 km, and
(c,f,i) z=45km, respectively. Note inertia-gravity wave generation in the jet exit region at z=20km. Part of the gravity
wave remains in the altitude and latitude region of the cat’s eye, and part propagates upward and north-eastward. The
height z is estimated as z = −H log[p/p0], where p0 is 1000 hPa, andH = 7km.
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F IGURE 3 Longitude-latitude cross section of filtered divergence 2 × 106 (shading, [1/s]) and streamlines [m/s]) at
z=20 km and t=34 days into the evolution, illustrating wave capture. Close-up view of the cat’s eye is shown.
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F IGURE 4 Vertical cross sections of filtered divergence ×106 (shading, [1/s]) and horizontal windmagnitude
√
u2 + v 2 (contours, [m/s]) through the line segment shown in Fig. 2h at (a) t=28 days, (b) t=29 days, (c) t=30 days, and (d)
t=31 days, respectively. Contour interval for windmagnitude is 4m s−1.
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F IGURE 5 (a) Time evolution of “leaked” IGWamplitude 5 × 105 (red solid line, [1/s]) at z=35 km, and, planetary
wave-2 amplitude×105 (blue solid line, [1/s]) and horizontal strain 2.5 × 104 (black solid line, [1/s]) in the source region at
z=20 km (see text for definition). Themultiplication factor for each line is chosen to show all lines in one panel. Dashed
lines show the fields for simulation where the planetary wave-2 forcing is ramped down from t=25 days onwards. (b)
IGW amplitude versus horizontal strain for the original simulation (triangles) and the simulation where the planetary
wave-2 forcing is ramped down from t=25 days onwards (circles).

F IGURE 6 Latitude-altitude distribution of the vertical flux of horizontal momentum [mPa] averaged in time over
days t=[26,32]. (a) Total vertical flux of horizontal momentum; (b) vertical flux of zonal momentum; and (c) vertical flux
of meridional momentum. Note the non-linear contour interval to accentuate distribution at higher levels.

This article is protected by copyright. All rights reserved.

A
cc

ep
te

d 
A

rti
cl

e



18 POLICHTCHOUK & SCOTT

F IGURE 7 Longitude-latitude cross sections of filtered divergence 3 × 106 (shading, [1/s]) and Ertel potential
vorticity [Km2kg−1s−1]) at t=30 days at altitude (right column) z=20 km and at (right column) z=35 km for different
resolutions: (a-b) T85L40; (c-d) T170L80; and (e-f) T341L160. All the fields have been interpolated onto 128 × 256
Gaussian grid. Note convergence at T170L80 resolution.
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F IGURE 8 Vertical cross sections of filtered divergence ×106 (shading, [1/s]) and horizontal windmagnitude
(contours, [m/s]) through the line segment shown in Fig. 2 h at t=30 days for different resolutions: (a) T85L40; (b)
T170L80, and (c) T341L160. Contour interval for windmagnitude is 4m s−1. Note convergence at T170L80 resolution.
Panel b) is the same as Fig. 2c).

F IGURE 9 Longitude-latitude cross section of filtered divergence 2 × 106 (shading, [1/s]) and Ertel potential
vorticity (contours, [Km2kg−1s−1]) in the cat’s eye at t=34 days and z=20 km for (a) T85L40; (b) T170L80; and (c)
T341L160 resolution.
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F IGURE 10 Longitude-latitude cross sections of filtered divergence 2 × 106 (shading, [1/s]) and Ertel potential
vorticity (contours, [Km2kg−1s−1]) for vortex patch initial condition (red line in Fig. 1). Evolution is shown at (a)
t=30 days and z=20 km, (b) t=32 days and z=30 km, and (c) t=34 days and z=40 km, respectively. Note the different
latitude range shown in this figure compared to Figs. 2 and 7.

F IGURE 11 Vertical cross sections of filtered divergence ×106 (shading, [1/s]) and horizontal windmagnitude
√
u2 + v 2 (contours, [m/s]) through the line segment shown in Fig. 10b at (a) t=30 days, (b) t=32 days and (c) t=34 days,
respectively. Contour interval for windmagnitude is 4m s−1.
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