JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 77?7, XXXX, DOI:10.1002/,

. The interaction between gravity waves and solar
. tides in a linear tidal model with a 4D ray-tracing
. gravity-wave parameterization

B. Ribstein' and U. Achatz'

Corresponding author: B. Ribstein, Institut fiir Atmosphare und Umwelt, Johann Wolfgang

Goethe Universitat Frankfurt, Altenhoferallee 1, Germany. ribstein@iau.uni-frankfurt.de

nstitut fiir Atmosphére und Umwelt,
Johann Wolfgang Goethe Universitat

Frankfurt, Frankfurt-am-Main, Germany.

DRAFT August 16, 2016, 11:34am DRAFT



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

X-2 RIBSTEIN AND ACHATZ: GRAVITY WAVES - SOLAR TIDES INTERACTION

Abstract. Gravity waves (GWs) play an important role in atmospheric
dynamics. Due to their short wavelengths they must be parameterized in cur-
rent weather and forecast models, that cannot resolve them explicitly. We
are here the first to report the possibility and the implication of having an
on-line GW parameterization in a linear but global model that incorporates
their horizontal propagation, the effects of transients and of horizontal back-
ground gradients on GW dynamics. The GW parameterization is based on

a ray-tracer model with a spectral formulation that is safe against numer-
ical instabilities due to caustics. The global model integrates the linearized
primitive equations to obtain solar tides (STs), with a seasonally dependent
reference climatology, forced by a climatological daily cycle of the tropospheric
and stratospheric heating, and the (instantaneous) GW momentum and buoy-
ancy flux convergences resulting from the ray-tracer. Under a more conven-
tional “single-column” approximation, where GWs only propagate vertically
and do not respond to horizontal gradients of the resolved flow, GW impacts
are shown to be significantly changed in comparison with “full” experiments,
leading to significant differences in ST amplitudes and phases, pointing at

a sensitive issue of GW parameterizations in general. In the “full” experi-
ment, significant semi-diurnal STs arise even if the tidal model is only forced
by diurnal heating rates. This indicates that an important part of the tidal
signal is forced directly by GWs via their momentum and buoyancy depo-

sition. In general the effect of horizontal GW propagation and the GW re-
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» sponse to horizontal large-scale-flow gradients is rather observed in non-migrating

» than in migrating tidal components.

DRAFT August 16, 2016, 11:34am DRAFT



28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48
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1. Introduction

Internal gravity waves (GWs) are of great importance for atmospheric and oceanic
dynamics, as testified by the recent number of review papers [e.g. Plougonven and Zhang,
2014; Vanneste, 2013; Ivey et al., 2008; Fritts and Alexander, 2003; Kim et al., 2003]. GW
dynamics still needs to be parameterized in general circulation models, including climate
models, because explicitly resolving the whole GW spectrum is beyond our present-day
computational capabilities (as recently shown for the atmosphere by Liu et al. [2014]).

In both the atmosphere and the oceans, the large-scale impact of GWs arises from
wave-mean flow interaction and/or mixing. Turbulent mixing due to GW instabilities
significantly contributes to the closure of the thermohaline circulation [see e.g. the review
Tvey et al., 2008]. GW-momentum deposition explains the meridional mesopheric circu-
lation, and the associated increase of temperature from summer to winter hemisphere
[Holton, 1982], and contributes essentially to the quasi-biennial oscillation (QBO) in the
stratosphere. GWs also provide an important dynamic link between their source levels,
primarily the troposphere and lower stratosphere, and their breaking altitudes, primarily
in the upper stratosphere and in the mesosphere.

Current GW parameterizations give reasonable results in the troposphere and lower
stratosphere, in climate and weather forecast models in comparison with observation,
showing e.g. similar statistics and distribution [de la Camara et al., 2014]. GW ampli-
tudes are nevertheless still tuned in those models to reproduce the appropriate large-scale
circulation of the atmosphere. Optimal values turn out to be approximately 5 times

weaker than those from in-situ measurement [Jewtoukoff et al., 2015]. In addition, as cli-
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mate and weather forecast models increasingly encompass the whole middle atmosphere
(e.g. Schmidt et al. [2006], Marsh et al. [2013]) nowadays GW parameterizations may
describe GW dynamics with insufficient accuracy. Current GW parameterizations do not
resolve their vertical propagation, but use an “instantaneous” vertical equilibrium profile
of GW amplitudes from the source level to the model top, as detailed for example by Lott
and Guez [2013] in the description of their parameterization. Amplitudes beyond some
instability threshold, e.g. for static instability, trigger a wave-breaking parameterization
that reduces the wave amplitude to or below the instability threshold. This then enables
momentum deposition. Such an approach neglects the effect of the time dependence of
the large-scale flow on the GWs, and of GW transience on the large-scale flow. The same
holds for the effect of horizontal GW propagation. These two points have been shown to
potentially play an important role, for example in the interaction between atmospheric
solar tides (STs) and GWs [Senf and Achatz, 2011; Ribstein et al., 2015]. In addition, the
transient GW forcing of the mean-flow necessarily implies a time-dependent wave-induced
large-scale flow. In idealized studies Fritts and Dunkerton [1984] and Sutherland [2001],
e.g., have shown that the interaction between a GW and the wave-induced mean-flow can
strongly modify wave propagation, through a phenomenon known as self-acceleration.

In a step away from idealized settings towards the application of a generalized GW
model in a more realistic framework, the present work studies the dynamics of GWs
in the middle atmosphere in a global tidal model. STs are global waves driven by the
daily cycle of direct solar heating [Lindzen and Chapman, 1969] and various other heat
tropospheric and stratospheric heat sources [e.g. Hagan and Forbes, 2002]. None of these

are purely sinusoidal at 24h period, so that STs present diurnal and sub-diurnal periodicity

DRAFT August 16, 2016, 11:34am DRAFT



72

73

74

75

76

7

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94
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[studied e.g. by Forbes and Wu, 2006; Zhang et al., 2006]. Just like GWs, STs contribute
significantly both to the dynamics of the mesosphere and lower-thermosphere (MLT) and
to the coupling between the troposphere and higher atmospheric layers.

In an attempt to incorporate the effects of GW vertical and horizontal propagation into
our GW parameterization, GW dynamics is described using a ray-tracer model for the
three-dimensional propagation on a global-scale flow based on Ribstein et al. [2015]. The
eikonal equation used there naturally emerge from the analytical study of the interaction
with a large-scale balanced time-evolving flow [Bretherton, 1966; Andrews and McIntyre,
1978a, b; Buhler, 2009; Achatz et al., 2010]. Moreover, following the findings of Muraschko
et al. [2015], a special description of GW amplitudes has been implemented [Buhler and
MecIntyre, 1999; Hertzog et al., 2002] that helps avoiding numerical instabilities due to
caustics, otherwise classical limitation of the Wentzel-Kramers-Brillouin (WKB) theory,
see e.g. the review from Broutman et al. [2004] on ray-tracer models for internal waves in
the atmosphere and oceans. Without this special description of GW amplitudes, even an
initially locally monochromatic GW field quickly develops numerical instabilities.

The global tidal model is based on Grieger et al. [2004]; Achatz et al. [2008], and has
also been used in Ribstein et al. [2015]. Linear models have the advantage of allowing a
clearer cause-effect relationship, as will be of use below in the identification of the role of
GWs in forcing the semidiurnal ST. The first very important difference to Ribstein et al.
[2015] consists in how GW effects are accounted for in the linear tidal model. In that study
effective Rayleigh-friction and Newtonian-relaxation coefficients had been determined, via
linear regression, from ray-tracer data, and these have then been used to represent the

GW effect in the linear diurnal model. Here, however, the GW drags are used directly as
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a forcing of diurnal and sub-diurnal STs. The second major difference to Ribstein et al.
[2015] consists in how GWs and ST's are coupled. In the present study we do not follow the
procedure and methodology of Meyer [1999], where the GWs-STs interaction was taken
into account by iteratively running the two models. Thus, in Ribstein et al. [2015], the tidal
model sees as GW impact the aforementioned Rayleigh-friction and Newtonian-relaxation
coefficients, and yields a solution for the STs that is then used in the ray-tracer as time
dependent three dimensional background. From the hence resulting ray-tracer data new
Rayleigh-friction and Newtonian-relaxation coefficients are determined that are to be used
in a next iteration of the tidal model, and so forth. In the present study, however, the
ray-tracer model and the linear tidal model interact at each time step, allowing so GWs
to interact with the wave-induced large-scale flow. In essence, the present study therefore
represents the first implementation of the methodology of Muraschko et al. [2015] in a
global atmosphere model, with an additional incorporation of the effects of GW horizontal
propagation. The ray tracer is used directly as a GW parameterization for the linear global
tidal model.

For the presentation of our investigations with this kind of coupled model, section 2
gives a description of both the global linear model and the ray-tracer model. Section 3
then presents results from both the global model and our GW parameterization, shown
together with those using a more conventional parameterization of GWs. A summary is

finally given in section 4.

2. Model Description
The ray-tracer model assumes a slowly varying background flow on which the GWs prop-

agate, consistently with the WKB ansatz. That background flow consists of a monthly-
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mean climatology and STs propagating on the latter, simulated by the linear tidal model
and forced by climatological radiative fluxes as by the GW forcing due to the convergences
of GW momentum and buoyancy fluxes. The monthly-mean climatological fields had been
obtained from data from a 20-year run of the global circulation model HAMMONIA [see
e.g. Schmidt et al., 2006]. The corresponding zonal wind Upg and temperature Tgq fields
are plotted in Fig. 1, showing their annual-cycles and zonally-averaged December-profiles.
Because the zonally-averaged climatological fields are close to balanced, the increase of
temperature from winter to summer hemisphere in the mesosphere should there be linked
to the closure of the mesospheric jets, both visible in Fig. 1.

The linear global tidal model, as the ray-tracer model used in the present study are in
many regards similar to those used in Ribstein et al. [2015], described there in detail. In
sections 2.1 and 2.2, we therefore focus more on respective changes due to the modified

coupling.

2.1. Tidal model

The linear tidal model is the linearization of a primitive equation global model (details
of the original model in Becker and Schmitz [2003]) about some arbitrary reference state,
here the monthly-mean climatology.

The discretized atmosphere is decomposed into a reference-state part Yy, all tidal com-
ponents Ygr and the remaining transients. At any combination of latitude and altitude,
the spatio-temporal distribution corresponding to Ys7 can be decomposed using a time ¢

and longitude A Fourier transform,
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ZZ (YST n, S z(nQTt+s)\ +YST(n S)*efz(nQTtJrs)\)) (1)
n=1 se€Z

where (r is the Earth’s rotation rate. Diurnal, semi-diurnal and ter-diurnal STs, respec-
tively, correspond to oscillations with (24h, 12h, 8h) period, are denoted by n = (1,2, 3).
Eastward propagation correspond to a negative zonal wavenumber s, respectively west-
ward propagation for (s > 0). Tides following the apparent westward solar motion (s = n)
are named migrating STs, and all the others constitute the non-migrating STs. The com-
plex tidal amplitude ?ST(n, s) and its complex conjugate SA/ST(n,s)* are both latitude-
altitude and seasonally dependent.

The linearization of the primitive-equation tendencies about some reference state Y
yields the linear operator LyYsr, for any input Ysr. The reference state is given by the
aforementioned monthly-mean climatological fields obtained from the HAMMONIA data.
LyYsr includes the directly linear dynamical terms in the primitive-equation tendencies
but also the result of the linearization of the nonlinear contributions about Y,. Stationary
planetary waves, included in the monthly-mean climatology state vector Y, therefore
interact with STs. As in Ribstein et al. [2015], the only dissipative process added is a
molecular thermal conductivity.

The model is forced by the monthly-mean daily cycle of the heating rates O, again
obtained from the HAMMONIA data. In contrast to Ribstein et al. [2015], both the
diurnal Q(n = 1) and semi-diurnal Q(n = 2) components will be used here. In Ribstein
et al. [2015], the GW impact has only been accounted for through (latitude-altitude and
seasonally dependent) Rayleigh-friction and Newtonian-relaxation coefficients (7%, ~7%),

obtained by regression of the GW momentum-flux and buoyancy-flux convergences in
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ray-tracer data onto diurnal STs and their tendencies. The resulting prognostic equations

of the tidal model have been

A

<1 + g—T>8tYST = <£0 — 7R> Ysr +Q (2)

In the present study, the GW momentum-flux and buoyancy-flux convergences, together
representing a GW forcing Faw, are used directly to force the tidal model, so that its

prognostic equations are
OYsr = LoYsT + Fow + Q (3)

As Ribstein et al. [2015] only used diurnal heating rates Q(n = 1), their linear model
only resulted in diurnal STs as well, as seen from Eq. (2). In the present study, because
Faw is not constrained to be purely diurnal and regardless the climatological forcing used,
solving Eq. (3) results in diurnal and non-diurnal STs. When only diurnal heating rates
Q(n = 1) is used, the later therefore gives a measure of the GW influence on STs.

Our linear tidal model has a spectral truncation at 714 and uses 67 vertical levels. Eq.
(3) is integrated by use of a fourth order scheme with a fixed time step of At = 120s.
Together with the ray tracer, the model is integrated in total over 25 days, with heating
Q increasing gradually during the first day. The last 5 days are used for a determination

of the semidiurnal and diurnal STs by Fourier analysis.

2.2. GW model

The WKB ansatz underlying the ray-tracer model consists in describing a GW by a
slowly varying amplitude, absolute frequency w, and wavenumber vector k = key + leg +
me,, where ey, ey and e, denote the usual longitudinal, meridional and vertical unit

vectors.

DRAFT August 16, 2016, 11:34am DRAFT



177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

RIBSTEIN AND ACHATZ: GRAVITY WAVES - SOLAR TIDES INTERACTION X-11

The GW ray-tracer model uses the local dispersion relation

N2(/€2—i—l2)—i—f2m2
k> + 12 +m?

Q(x,k,t):w:k.Uj:\/ (4)

and the corresponding Boussinesq polarization relations between the GW amplitudes in
the various dynamical fields. The local latitude-dependent Coriolis parameter is denoted
f(6). Due to STs, the Brunt-Vaisala frequency N(x,t) evolves in time and space, as
are also the horizontal background wind components U(x,t) = Ue, + Vey. The spatio-
spectral time development of the GW field is obtained by following it along characteristics,
so-called rays, given by

dix = cg (5)

dik = =V, (6)
where d; = 0,4 cg . Vi is the time derivative along a ray, and cg = Vi) = cgrex +cgpeq +
cg-€r denotes the absolute group velocity. Here Vi (V) denotes the spatial (wavenumber)
gradient.

The geometric position x and the wavenumber vector k evolve during the propagation.
Projecting Eqs. (5) and (6) on spherical coordinates leads to the governing equations of
GW propagation (see equations in Ribstein et al. [2015]). The ray-tracer model integrates
Egs. (5) and (6) along each ray path, where each ray is integrated forward separately.
During the propagation, we do not allow rays to cross the poles.

In standard GW parameterizations, the horizontal wavenumber evolution due to
background-flow horizontal gradients is neglected, as is the horizontal ray propaga-
tion. Under an approximation closer to conventional GW parameterizations, labeled here

“single-column” , we impose
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dt)\ - dte = dtk = dtl - 0 (7)

The curvature terms due to the spherical geometry have also been ignored in such an
approximation (see Ribstein et al. [2015] for more details). It should be stressed that
transient effects are taken into account in the single-column approximation, which would
not be the case in conventional GW parameterizations.

In the absence of forcing and dissipation, the amplitude of a locally monochromatic

GW is controlled by the conservation relation

DA+ Vy(Acg) = diA+ AV cg = 0 (8)

for the wave-action density A(x,t), defined as the ratio between the energy F per unit of
volume and the intrinsic frequency @ = w — k. U [e.g. Grimshaw, 1975]. The divergence
of the group velocity Vy.cg determines the evolution of A(x,t), but as demonstrated
by Muraschko et al. [2015], even an initially locally monochromatic GW field is prone to
quickly develop multi-valued wavenumbers along so-called caustics, leading to numerical
instabilities in a model that attempts to enforce monochromaticity.

In order to avoid these numerical instabilities we follow the procedure suggested by

Muraschko et al. [2015] and expand the wave-action density in wave-number space by

A(x,t) = N(x,k, t)dk (9)

keR3
using a so called phase-space wave-action density N (x,k,t) that is conserved along the

rays, i.e. it satisfies
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ON + g« VN +dik . VIN =0 (10)

The initial distribution, advected conservatively along the different rays, gives the dis-
tribution at any time ¢ > 0. This procedure is discretized numerically by gathering rays
in finite ray volumes d®kd>x around a characteristic carrier ray, each with uniform phase-
space wave-action density N (x,k,t). By Eq. (10) that uniformity is conserved. Because
the position-wavenumber phase-space group velocity is divergence free, each ray volume
moreover preserves its volume content in position-wavenumber phase-space, but arbitrary
shape deformations are possible. In a second discretization step we here constrain each
ray volume, however, to keep a rectangular shape, responding nonetheless, in a volume-
preserving manner, to local stretching and squeezing. Muraschko et al. [2015], have tested
this procedure successfully against large-eddy simulations, though in a simpler framework.

As in Ribstein et al. [2015], a fixed and horizontally homogeneous lower boundary condi-
tion for AV is chosen at 25 km, where a small and highly idealized meso-scale GW spectral
ensemble (see Ribstein et al. [2015] for details) is prescribed at the rate of one ray volume
per grid-cell. Checks of the dependence of our results on the ray-volume content identified
only qualitative changes.

Since the rays move freely in space, the background fields are interpolated to each ray
location via a linear polygonal interpolation. In parallel to the time-integration of the tidal
model, the time-integration of the ray Egs. (5, 6, 10) uses a fourth order scheme with a
fixed time step of At = 120 s, supplemented by a procedure to minimize numerical errors
and stabilize the scheme (details in Senf and Achatz [2011]). As in Ribstein et al. [2015]),

a static-stability criterion on the phase-space wave-action density A is used to mimic
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nonlinear wave-breaking (no dissipation if N' < Ng,;, otherwise N is reduced to Ngg).
Comparisons with large-eddy simulations of breaking GWs, to be published elsewhere,
show that this heuristic method is a useful approach for such purposes.

We follow the same method as in Ribstein et al. [2015] to obtain from the ray-tracer
data the forcing of the large-scale flow represented by the tidal model. Integrating over
the contribution of the different rays, and using the polarization relations, momentum
and buoyancy fluxes are calculated. It should be stressed that due to rotation rays carry
horizontal buoyancy fluxes (pu'd’), while the vertical flux (pw’t’) still vanishes. After using

a localized smoothing procedure, the convergence of those fluxes is calculated as

fo = —%VX (pv'u) (11)
fy = —%VX < (pv') (12)
fo= _%vx (pv'b) (13)

Positive values of f,, (or f,) are associated with a local acceleration (or heating) of the
surrounding large-scale flow.

As the tidal model is formulated in a Eulerian perspective, we have chosen to directly
use these forcings, as also derived by Grimshaw [1975]. In that paper it is shown that a
change of perspective, from Eulerian mean to Lagrangian mean, entails replacement of the
active fluxes by the Eliassen-Palm (pseudo-momentum) flux in the momentum equation.
At least in the limit of small large-scale Rossby numbers the two approaches are equivalent

[ Buhler, 2009].

3. Model results
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In the following we present some key results from the global linear tidal model with
ray-tracer GW parameterization, as described in section 2. These are obtained from a
few experiments with different set-ups.

The “full” experiments refer to coupled-model simulations with no additional assump-
tions. The contributions of GW horizontal propagation and of large-scale flow horizontal
gradients are identified by comparisons with “single-column” experiments where GWs
propagate only vertically and the horizontal wavenumber kg does not evolve. The con-
tribution of horizontal large-scale flow gradients on GW propagation is neglected there
as well, as seen in Eq. (7). Single-column experiments use some simplifying assumptions
common to conventional GW parameterizations. The vertical wavenumber m, however,
is allowed to vary, in response to the generally time-dependent vertical gradients in the
background flow.

We remark that conventional GW parameterizations go even beyond the single-column
approximation. They use in addition a steady-state approximation where at each time
step an instantaneous vertical equilibrium profile of the GW properties is determined, that
would eventually result from a steady GW radiation from the source altitude, or rather
lower boundary, into the atmosphere. The corresponding adjustment time scales with
the ratio between the vertical extent of the model atmosphere and the dominant vertical
group velocity. Senf and Achatz [2011] show that this approximation can additionally
modify the model results significantly as well. Idealized investigations to be published
elsewhere show that simulations of the vertical propagation of an initially monochromatic

GW field by a ray-tracer compare favorably to corresponding wave-resolving large-eddy
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simulations, while a conventional GW parameterization cannot reproduce the observed
wave-mean-flow interaction.

The different experiments also differ in the climatological radiative forcing used in the
linear tidal model. In experiments with diurnal forcing, STs are climatologically forced
by a purely diurnal forcing Q(n = 1). In contrast to this, in experiments with semi-
diurnal and diurnal forcing, STs are climatologically forced by the sum of semi-diurnal

and diurnal Q(n = 1) + Q(n = 2) heating.

3.1. GW fluxes

We first present, in Fig. 2, the zonal momentum flux convergence f, (Eq. 11) for
different simulations with purely diurnal forcing, both for “full” experiments and under
the “single-column” approximation.

The GW drag calculated by the ray-tracer model is used in the global model to force
STs, as described by Eq. (3). The daily mean of this forcing does not affect the STs,
as the model is linear. In a nonlinear model it would have an impact on the slowly
developing background on which the STs propagate, hence allowing for an indirect effect
on the latter. This effect is not accounted for in our coupled model. Nonetheless, it is
of interest what influence the ray tracer would have. From the zonal-mean climatology
shown in Fig. 1, the diurnal-mean of the GW zonal momentum flux f, is expected to
accelerate, respectively decelerate, the zonal-mean zonal wind in the mesosphere in the
summer hemisphere, respectively winter hemisphere.

Fig. 2 shows the annual cycle of the zonal and daily mean f, at 80km altitude, as
well its December and May altitude-latitude profiles. Indeed, we obtain positive and

negative values in the summer and winter mesosphere, respectively. Despite the many
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simplifications in our coupled model, such as the GW source or the linear nature of the
ST model, we reproduce important aspects of the GW climatological impact. Fig. 2 also
shows the zonal-mean diurnal amplitude of the GW zonal momentum-flux convergence
| f2||day from the two experiments. It is structurally similar to the daily mean obtain from
the same experiments, showing similar amplitudes and altitude-latitude structures. GW
momentum deposition seems to generally both impact the daily mean state and the STs.
Global GW data at MLT altitudes are presently not available to an extent allowing
comparisons with our simulations, but interesting local measurement exist. [Liu et al.,
2013; Riggin et al., 2016, e.g.] present a significant diurnal cycle for the GW zonal drag
with amplitudes compatible to our results. Also in agreement with our results, they
present a GW meridional drag stronger, but still comparable, to the zonal one.
Comparing the GW forcing from the “full” and “single-column” experiments, we find
that both amplitudes and the overall altitude-latitude structures are very different. This
is illustrated in Fig. 2 by the zonal mean of the daily mean f, and of the diurnal am-
plitude of || f;||day- Only the seasonal cycle at 80km altitude (and below) shows some
similarities between both experiments. This is partly consistent with preliminary results
from Senf and Achatz [2011] and Ribstein et al. [2015]. In Senf and Achatz [2011], how-
ever, the ray-tracer was not coupled to a tidal model, but rather used the HAMMONIA
tides as background, whereas Ribstein et al. [2015] did the coupling iteratively, via effi-
cient Rayleigh friction and Newtonian relaxation, as explained previously. Both of these
studies found the single-column approximation to have a significant effect. Somewhat in
contrast to our results, however, it was found to generally enhance the GW momentum

and buoyancy deposition. Our results here indicate that the GW driving of the diurnal
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ST tends to be enhanced/reduced in the winter/summer mesosphere and thermosphere
if the single-column approximation is dropped. Obviously the horizontal GW propaga-
tion and the GW response to horizontal gradients in the large-scale flow, admitted in our
simulations, but not in the single-column approximation, leads to notable modifications.

In addition, Fig. 3 presents the zonal momentum-flux convergence f, for the “full”
experiments, either with purely diurnal Q(n = 1) heating or with both diurnal and semi-
diurnal Q(n = 1)+ Q(n = 2) heating in the tidal model. The zonal mean of both the daily
mean and the diurnal amplitude || f;||4qy are shown. The figure illustrates that the daily
mean GW deposition of momentum and buoyancy is not affected much by the nature of
the tidal heating. Notably, however, even in the purely diurnally forced experiment the
amplitude || f;||1/2 4oy and the altitude-latitude structure of the semi-diurnal GW forcing
is quite comparable with its diurnal counterpart. Therefore, even in the absence of semi-
diurnal tidal heating, GW forcing induces some semi-diurnal and diurnal wave-induced

large-scale flows of equal importance. This will be studied more in the next sub-section.

3.2. Solar tides

The STs obtained from the global tidal model are presented in Figs. 4 to 7, both for
the “full” experiment and under the “single-column” approximation. Fig. 4 shows results
from simulations with purely diurnal heating, whereas Figs. 5 to 7 show in addition
results from each an experiment with both semi-diurnal and diurnal heating.

The diurnal STs have been decomposed, using Eq. (1), into their migrating and non-
migrating part. The diurnal westward propagating ST denoted DW; constitutes the sun-

synchronous diurnal migrating ST, the semi-diurnal westward propagating ST denoted

DRAFT August 16, 2016, 11:34am DRAFT



338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

RIBSTEIN AND ACHATZ: GRAVITY WAVES - SOLAR TIDES INTERACTION X-19

SWj constitutes the semi-diurnal migrating ST, and the respective rest forms the diurnal
or semi-diurnal non-migrating ST's.

The annual cycle of the DW; tidal amplitudes at 95km is shown in Fig. 4. The
altitude is chosen in order to facilitate a comparison with satellites observation, e.g. Upper
Atmosphere Research Satellite (UARS) wind observations [Forbes et al., 2003; Forbes and
Wu, 2006; Zhang et al., 2006; Forbes et al., 2007]. Given the linearity tidal model, and
the over-simplified GW-source in the ray-tracer, no perfect agreement can be expected.
Nonetheless, the “full” and “single-column” experiments still reveal an annual cycle of the
diurnal migrating tide DW; that is similar to observations and the findings of Ribstein
et al. [2015].

December and May altitude-latitude amplitude profiles for the meridional wind of
the diurnal STs are presented in Fig. 4 as well. The overall structure of the pro-
files from the “full” and “single-column” experiments is quite similar. The amplitude
of the non-migrating STs, however, differs considerably between the two experiments.
The single-column approximation leads to a significant reduction of the amplitude of the
non-migrating ST. As seen in Fig. 2 the corresponding zonal GW forcing is weaker as well,
and it is rather limited to high latitudes. The same holds for the meridional GW forcing
(not shown). Non-migrating STs have less forcing by solar heating than their migrating
counterpart, GW forcing being therefore expected to cause a more visible contribution.
The GW forcing in the “single-column” experiment is localized where non-migrating ST's
are weak. It appears that such a forcing is much less able to excite nonmigrating tides at
significant amplitudes, as it projects much less on the tidal structures prescribed by the

dynamics. This is not the case for the “full” experiment. It thus appears that the effect
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of the GWs enhancing the non-migrating ST in the “full” experiment rather cannot be
captured by some efficient Rayleigh friction.

Figs. 5 and 6 show for December and May, respectively, the meridional wind of semi-
diurnal STs. For SWj, both the amplitude and the sine part (or imaginary part, see Eq.
1) are shown, and for the non-migrating component the zonal-mean amplitude. Results
from simulations with purely diurnal heating in the linear tidal model are compared with
those from a “full” experiment with both semi-diurnal and diurnal heating. Results for
the corresponding “single-column” experiment are found to be quite similar (not shown)
regarding the overall structure. Asseen in Eq. 3, the linear tidal model with purely diurnal
heating can yield non-diurnal STs only because of the GW impact, by their momentum
and buoyancy deposition. Non-diurnal STs are in such simulations a clear measure of the
GW influence on STs.

Interestingly in the “full” experiment, the overall altitude-latitude amplitude profiles of
(the purely GW stimulated) SW5 semi-diurnal ST shows some strong structural similar-
ities with the one obtained by semi-diurnal and diurnal heating, although the strengths
of the tidal amplitudes do differ. This is also the case, in December for example, for the
zonal-mean profiles of the non-migrating ST. Notably, the non-migrating semi-diurnal ST
due to the GW forcing seems to amount to about 50% of the total non-migrating ST,
due to GW forcing and semi-diurnal heating in the tidal model. And the semi-diurnal
component of the GW forcing tends to prefer certain non-migrating STs. Fig. 7 shows
more details of the GW impact on STs, also in December. There, the non-migrating
semi-diurnal STs are decomposed, using Eq. (1), into the standing semi-diurnal oscil-

lation, denoted Sy, and the westward propagating STs denoted SWi, respectively SWij,
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with a zonal wavenumber s = 1, respectively s = 3. In particular, the figure shows that
GW depositions contribute to more than 50% of the total Sy tides, and to about 30% of
the total SW; tidal component.

When the single-column approximation is applied, however, these structural similarities
are lost. Moreover, it leads to a substantial reduction of the tidal amplitudes. The latter
is even more pronounced than the corresponding effect on the non-migrating diurnal ST,
as visible in Fig. 4. Therefore, contrary to “single-column” experiments, GWs in “full”

simulations stimulate and significantly contribute to the non-migrating semi-diurnal STs.

4. Summary and Conclusions

GWs are of considerable dynamical importance for the atmosphere. This holds espe-
cially for the middle atmosphere where they drive the circulation to a significant part
so that the mesospheric jets are closed, and that the coolest part of the atmosphere is
above the summer pole. Similarly important is the role of GWs in the driving of the
quasi-biennial oscillation in the stratosphere, and they have an all but negligible impact
on STs. The latter is the focus of the present study. Many GWs being too small in
scale to be resolvable by state-of-the-art climate models, and also global weather-forecast
models, they present a parameterization problem that can partially be addressed using
WKB theory, as done here. Beyond this, however, descriptions of GW dynamics focussing
on its essential aspects, as provided by this theory, are and will remain valuable for the
achievement of conceptual scientific understanding of atmospheric dynamics where GWs
are involved.

We present here the first direct coupling between a WKB ray-tracer with a global-

scale model, here for STs. Conventional GW parameterizations neglect the effects of
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transients and of horizontal background gradients on GW dynamics, as well as the ability
of transient GWs to interact with the wave-induced large-scale flow. This is not the case in
our three-dimensional ray-tracer model, used here to study the GW interaction with STs
in a linear tidal model. We compare the results with those from a more traditionally used
approximation in GW parameterization, named the “single-column” approximation, where
GWs only propagate vertically, and where they do not respond to horizontal gradients of
the resolved large-scale flow, to illustrate some limits of current GW parameterizations,
but also to illustrate the dynamical importance of the interactions neglected there.

GW deposition of momentum and buoyancy is found to strongly differ, both in ampli-
tude and overall structure, between runs under the single-column approximation, com-
pared to those from the “full” experiment, where the wave-mean-flow interaction between
scale-separated GWs and STs is treated without corresponding simplifications. Thus we
find that admitting the effects of horizontal GW propagation and the GW response to
horizontal gradients in the large-scale flow tends to enhance/reduce the GW driving of
the diurnal ST in the winter/summer mesosphere and thermosphere. A central result
also is the GW driving of the semi-diurnal ST that is identified even if the tidal model
is only forced by diurnal heating. This effect virtually disappears in the single-column
approximation.

The simulated STs exhibit corresponding features. The diurnal STs obtained from
the coupled model, under diurnal heating, are found to differ considerably in amplitude
between the two experiments. It should be highlighted that the single-column approxi-
mation leads to a significant reduction especially of the amplitude of the non-migrating

STs. Moreover, under purely diurnal heating, and for the full experiment, the GWs alone
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stimulate semi-diurnal STs, showing, both for migrating and non-migrating STs, some
strong structural similarities with the ones obtained under diurnal and semi-diurnal heat-
ing. Those similarities are not present under the single-column approximation, where the
amplitudes of the semi-diurnal STs are negligibly small as a whole. In the full experiment,
on the contrary, GW forcing contributes significantly to the semi-diurnal non-migrating
STs. This effect is most prominent for the standing non-migrating component .Sy.

In summary, we show that the effects of horizontal GW propagation and the GW
response to horizontal gradients of the large-scale flow contribute significantly to the GW
dynamics in the mesosphere. This is interesting both conceptually, e.g. with regard to the
role of GW driving of non-migrating and semi-diurnal STs, and for GW parameterizations.
Corresponding schemes relying on the single-column approach, although efficient, are in
danger of yielding results of limited reliability. Explicit GW models might be a valuable
alternative. The added numerical costs of such an approach are undoubtedly an issue that
we have neglected so far on purpose. It seems appropriate to first investigate the impact
of a generalized GW model on the results. Once demonstrated, one can turn towards
efficiency issues. We hope that the time is approaching where the incentive to do so,
using parallelism on high performance computers, gets strong enough. At least we hope

that our results foster corresponding considerations and discussions.
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Figure 1. Annual cycle at two selected altitudes (left column) and December altitude-

latitude representation (right column) of the zonal-mean HAMMONIA data, used in the

present study as monthly-mean climatological fields in the background flow. Shown are

the wind (top row) and the temperature (bottom row) with additional yellow isolines at

(200; 300; 400)°C.
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Figure 2. Zonal mean of the daily mean (1°* and 3"¢ row) and the diurnal ampli-
tude (2" and 4™ row) of the GW zonal acceleration f, from simulations with purely
diurnal climatological forcing in the linear tidal model. The 1* and 2"¢ row show re-
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Figure 3. Zonal mean of the daily mean (top row) and of the (semi)diurnal amplitude
(bottom row) of the GW zonal acceleration f, from simulations with purely diurnal (left
and middle columns) or with semi-diurnal and diurnal (right column) climatological forc-
ing in the linear tidal model. Shown are results from the ray tracer without simplification,
under December conditions. Additional yellow isolines at £[150; 300; 450; 600]m/s/day.
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“Full" experiment with diurnal forcing

|IVIlows [m/s] annual cycle at z=95km 130 |IV]lows [m/s] in December |IV]lows [m/s] in May

50 80 70
45
70
40 60
35 60 50
€ €
8 30 = 50 £ 100 40
£ 30S 25 3 40 3
3 20 = £ 9 30
< 30 £
60S 15 20
20 80
10 10
90S 5 0 7
0 0 0
60 60
Jun  Aug Oct Dec Feb Apr 90S 60S 30S 0 30N 60N 90N 90S 60S 30S 0 30N 60N 90N
Latitude Latitude
(V]| &Ra™ ™ [m/s] in December 130 [IVIIGae™™e [m/s] in May
70 100
o 12 90
80
s0 110 70
€ €
= 40 =100 60
£ 9 30 £ 90 40
<< <
80 20 80 30
10 20
70 70 10
6 0 60 0
%S 60S 30S 0 30N 60N 90N 90S 60S 30S 0 30N 60N 90N
Latitude Latitude

*Single-column" experiment with diurnal forcing

4
|
W
|

IVllows [m/s] annual cycle at z=95km . |IV]lows [m/s] in December . ||V||Dw1 [m/s] in May
T T Bl — T 60 . :
45 120 a\\
70 .
40 50
35 60 110 J 50
E E
8 30 = " 50 £ 100 40
2 25 § 40 §
«© = B =
- 20 £ 0 £ 9 30
<< | O < |
e 20 80 20
10
10
5 70 10 7
o 0 0
60 60
Jun  Aug Oct Dec Feb Apr 90S 60S 30S 0 30N 60N 90N 90S  60S  30S 30N 60N 90N
Latitude Lalltude
[[V]|5er-migrating [m/s] in December [|V]|5er-migrating [m/s] in May
130 : . : 130 ; : 7 ;
45 80
120 40 120 70
110 5 10 60
—_ 30 —
€ €
=100 25 = 100 50
£ 90 20 2 90 -
< 15 <
80 10 80 20
70 5 70 .
/\ 0 0
& &
0S 60S 30S 0 30N 60N 90N 0S 60S 30S 0 30N 60N 90N
Latitude Latitude

Figure 4. For the meridional-wind, the amplitude of the diurnal migrating DW; ST (1%
and 3" row) and the zonal-mean amplitude of the non-migrating STs (2" and 4'"), from
simulations with purely diurnal climatological heating in the linear tidal model. The 1%¢
and 2" row show results obtained when the ray tracer is run without simplification, the
B Randpl4 results from corresponglifag singlg codargy expenmgnts. The left column shywg
the annual cycle of the migrating ST at 95km, and the middle and right columns latitude-
altitude profiles for December and May, respectively. Note the difference in contour lines

and color shading between rows 2 and 4.
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Figure 5. For the meridional wind in the December semi-diurnal ST, the amplitude of

the migrating component (left and middle column) and the zonal-mean amplitude of the
non-migrating part (right). The top and bottom row show results from simulations with
purely diurnal heating, and the middle row those from simulations with both diurnal and
semi-diurnal heating in the tidal model. The top and middle row show results from the

unsimplified coupled model, and the bottom row those obtained with the single-column

approximation.
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Figure 6. As in Fig. 6 but for May.
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“Full" experiment (in December) with diurnal forcing

[IV]lso [m/s] [IV|lsw1 [m/s] [IV|lsws [m/s]
14 12 4
12 o 35
10 o 8
g 8 g 25
(0] [0}
E s 2 ° 2
< < 4 15
4 1
2
2
70 70 05
0 0 0
% & %
0S 60S 30S 0 30N 60N 90N 0S 60S 30S 0 30N 60N 90N 0S 60S 30S 0 30N 60N 90N
Latitude Latitude Latitude
“Full" experiment (in December) with semi and diurnal forcing
V||so [M/s] V||swi [M/s] V||swa [M/s]
130 [IVIlso 130 [IVIls 130 [IVIls !
‘ i s \j 40 20
120 120p 35 12 175
110 20 110 30 110 15
T £ B :
=, 100 15 émo@ 25 E 100 125
§ § 20 § 10
2 90 10 2 9 2 90
= =z 15 Z 7.5
80 s 80 10 80 5
70 70 5 70 25
0 0 0
60 60 60
90S 60S 30S 0 30N 60N 90N 90S 60S 30S 0 30N 60N 90N 90S 60S 30S O 30N 60N 9ON
Latitude Latitude Latitude
"Single-column" experiment (in December) with diurnal forcing
s [IVllso [m/s] [IVllswi [ms] " [IVllsws [ms]
v V) / T ‘ 6 Ut 08 09
. — . : 1.4 0.7 0.8
L @ o 12 06 110 07
_ - 0.6
15 K 15
=3 ! 05 £ 100 05
3 0.8 04 3 0.4
2 90 2 9 -
Z 0.6 03 2 03
80 0.4 0.2 80 02
70 0.2 01 70 0.4
0 0 0
& & &
0S 60S 30S 0 30N 60N 90N 0S 60S 30S 0 30N 60N 90N 0S 60S 30S O 30N 60N 90N
Latitude Latitude Latitude

Figure 7. For the meridional wind in the December semi-diurnal ST, the amplitude of
different non-migrating components : Sy (left column), SW; (middle column) and SWj3
(right column). The top and bottom row show results from simulations with purely diurnal
heating, and the middle row those from simulations with both diurnal and semi-diurnal
heating in the tidal model. The top and middle row show results from the unsimplified

coupled model, and the bottom row those obtained with the single-column approximation.
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