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Abstract. The high-frequency and small horizontal scale
gravity waves may be reflected and ducted in non-hydrostatic
simulations, but usually propagate vertically in hydrostatic
models. To examine gravity wave propagation, a preliminary study has been conducted with a global ionosphere–
thermosphere model (GITM), which is a non-hydrostatic
general circulation model for the upper atmosphere. GITM
has been run regionally with a horizontal resolution of
0.2◦ long × 0.2◦ lat to resolve the gravity wave with wavelength of 250 km. A cosine wave oscillation with amplitude
of 30 m s−1 has been applied to the zonal wind at the low
boundary, and both high-frequency and low-frequency waves
have been tested. In the high-frequency case, the gravity
wave stays below 200 km, which indicates that the wave is
reflected or ducted in propagation. The results are consistent
with the theoretical analysis from the dispersion relationship
when the wavelength is larger than the cutoff wavelength for
the non-hydrostatic situation. However, the low-frequency
wave propagates to the high altitudes during the whole simulation period, and the amplitude increases with height. This
study shows that the non-hydrostatic model successfully reproduces the high-frequency gravity wave dissipation.

common assumption used in these models is the hydrostatic
equilibrium, under which the pressure gradient force is balanced with the gravity force in the vertical direction. This
assumption is still used in many tropospheric global models
(e.g., Yeager et al., 2006) and represents the large-scale atmosphere behavior very well. However, a comparative analysis
of linearized dynamics with and without the hydrostatic approximation reveals its two effects on small-scale motions: it
eliminates vertically propagating acoustic waves and significantly distorts properties of high-frequency gravity waves
(Akmaev, 2011; Monin and Obukhov, 1958).
Upper atmospheric non-hydrostatic models (Chang and
St.-Maurice, 1991; Deng et al., 2008, 2011) showed that sudden enhancements of Joule heating during geomagnetically
disturbed periods generate intensive acoustic waves. Meanwhile, significant amounts of energy are deposited in the
thermosphere through the acoustic waves propagating from
the lower atmosphere (Hickey et al., 2001; Rind, 1977). It
is very important for the atmospheric modeling to relax the
hydrostatic assumption and allow the acoustic waves.
The nonhydrostatic dispersion relation for the gravity
wave (GW) is (Hines, 1960)
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Introduction

Many theoretical thermosphere/ionosphere models have
been developed since 1970s, including thermospheric
general circulation model (TGCM) (Dickinson et al.,
1981), coupled thermosphere–ionosphere model (CTIM)
(Fuller-Rowell and Rees, 1980) and their later variants. One
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where k and m are horizontal and vertical wave numbers;
ω and ωB are the wave and buoyancy intrinsic frequencies;
H is the scale height. The last term on the right-hand side
vanishes in the hydrostatic situation. The conditions for wave
to be reflected and ducted (m2 < 0) are
s
ωB2
λ > λn = 4π H
− 1 in the non-hydrostatic,
ω2
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in latitude and altitude (Ridley et al., 2006). It solves for the
neutral and ion densities, velocities and temperatures self-5
1
consistently. The most significant difference between GITM
and other upper-atmospheric models is that GITM does not
0.5
assume a hydrostatic balance in the vertical direction. In addition, stretched grids in latitude and altitude are possible,
0
0
and the number of grid points in each direction can be specified, so the resolution is flexible. GITM can also be run both
-0.5
globally and regionally. One limitation of GITM is the small
time step (2–3 s), due to its explicit solver and the presence of
5
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vertically propagating acoustic waves in the solution (Deng
0
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et al., 2008), while other hydrostatic implicit GCMs may be
◦
◦ S–5◦ N) for
Fig.drawing
1. Schematic
drawing
of the
1. Schematic
of the
domain
(0◦domain
- 20◦ E,(0–20
5◦ S -E,5◦5N)
for the regional
run simulation.
with much larger time steps (2–5 min).
the regional simulation. A cosine wave oscillation with amplitude
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Fig. 1. In order to resolve the high-frequency small-scale
wavelength, x is the longitude, ω is the frequency and t is the time).
gravity waves
x
−
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where
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is
the
wavelength,
x iswith wavelength of 250 km, the horizontal resoundary at 100 km altitude (Veast = 30 · cos( 2π
λ
olution is 0.2◦ long × 0.2◦ lat. The vertical resolution is oneωB
third of the scale height. Open boundary conditions for the
itude, ω is the
thehydrostatic
time).
λ >frequency
λh = 4π H and tinisthe
cases,
ω
top boundary and specified boundary conditions for the lower
boundary are used. On the left and right sides, a continuwhere λ is the horizontal wavelength of gravity wave, λn and
ous gradient boundary condition is used on the densities and
λh are the cutoff wavelengths for the non-hydrostatic and
temperatures, while a continuous value is used on the vehydrostatic cases, respectively (Akmaev, 2011). When λn ≤
locity. To initialize the simulation, GITM was first run for
λ ≤ λh , the same wave behaves differently in hydrostatic and
24 h during the September equinox, reaching a quasi-steady
non-hydrostatic models. The gravity waves allowed to propstate under relatively quiet conditions. Then a cosine wave
agate vertically in a hydrostatic atmosphere may become inoscillation with amplitude of 30 m s−1 has been imposed
ternally reflected or ducted under the same conditions in a
to the zonal wind at the lower boundary at 100 km altitude
more realistic non-hydrostatic case, which indicates that the
(Veast = 30 · cos( 2π
hydrostatic approximation potentially results in overestimaλ x − ωt), where λ is the wavelength, x is
the longitude, ω is the frequency and t is the time). In this
tion of the gravity wave vertical momentum flux and mostudy, it is simply assumed that the disturbance only changes
mentum deposition rates (Akmaev, 2011). For low-frequency
with longitude and is in phase along the latitude. To avoid
waves (ω  ωB ), the difference between λn and λh is almost
broad-spectrum acoustic-gravity wave packets induced by a
negligible. For high-frequency waves (ω → ωB ), λn → 0 and
sudden switching on, the amplitude of perturbation at the
λh → 4π H . Therefore, high-frequency waves with wavelower boundary increases gradually from 0 to 30 m s−1 in
lengths of λ ≤ 4π H should be treated non-hydrostatically.
6 min.
To be clear, Eq. (1) and the related discussion only apply to
gravity waves and not acoustic waves, which can be triggered
in the simulations when adding in the perturbation.
3 Results and discussion
While the theoretical analysis indicates the significant
difference between hydrostatic and non-hydrostatic simulaIn order to examine the frequency dependence of the wave
tions for the high-frequency small-scale gravity waves, to
propagation, three cases have been studied. This first case
our knowledge very limited studies have been conducted
is the control case, in which no disturbance has been imon GCMs due to the limitation of models (Shutts and
posed. The second case is the high-frequency case, in which
F T
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Vosper, 2011). In
this study,
non-hydrostatic
GCM has
a high-frequency small-scale gravity wave (ω = 0.75ωB ,
been used to investigate the behavior of gravity waves in
λ = 4π H ∼ 250 km) has been applied to the zonal wind at
the non-hydrostatic simulations, and the dissipation of highlower boundary. For this frequency, the cutoff wavelength of
frequency gravity wave has been reproduced in an upperhydrostatic and non-hydrostatic cases is λn = 3.6π H, λh =
atmospheric global model for the first time.
5.3π H . The wavelength of the gravity wave is between the

Simulation domain (0◦ - 20◦ E, 5◦ S - 5◦ N)

2

Methodology

The global ionosphere–thermosphere model (GITM) is a
three-dimensional spherical code that models the Earth’s
thermosphere and ionosphere system using a stretched grid
Ann. Geophys., 32, 443–447, 2014

two cutoff wavelengths (λn < λ < λh ). The third case is the
low-frequency case, in which ω = 0.25ωB , λ = 4π H . For
this frequency, the cutoff wavelength of hydrostatic and nonhydrostatic cases is λn = 15.4π H, λh = 16π H and λ < λn <
λh .
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Fig. 2. Altitude–longitude distribution of neutral density percentage difference at equator 3 min (a), 6 min (b), 12 min (c) and 18 min (d) after adding in the high-frequency wave (ω = 0.75ωB , λ = 4πH ) oscillation to the zonal wind at the lower boundary. ωB is the buoyancy
frequency, and H is the scale height at the lower boundary.

Fig. 3. Vertical flux of horizontal momentum (a) and body force (b) at 12 min.

Figure 2 shows the percentage difference of neutral density between the high-frequency case and the control case at
different times. The altitude–longitude distribution at equator has been displayed. The x axis is longitude and the y axis
is altitude; 3 min after adding in the oscillation at the lower
boundary, the wave propagates upward to 180 km altitude.
At 6 min, the wave stays at altitudes below 200 km. After
12 min, most disturbance is below 200 km and no significant wave has been propagated above that, which indicates
that the wave got reflected or ducted below 200 km altitude. This result is consistent with the theoretical analysis
from the dispersion relation as discussed in the introduction. It shows an example that our non-hydrostatic model
is capable of reproducing the wave reflection or ducting,
which has been predicted theoretically since the wavelength
is larger than the cutoff wavelength for the non-hydrostatic
case (λn ≤ λ). But the wavelength is still smaller than the

www.ann-geophys.net/32/443/2014/

cutoff wavelength in the hydrostatic case (λ ≤ λh ), which
means the wave may unrealistically propagate to higher altitude in hydrostatic model. It will be clearer when a similar
run has been conducted in the hydrostatic model. However,
to resolve the small-scale waves, sub-degree resolution is required, which is much higher than the resolution used in current hydrostatic GCM models.
Figure 3a shows the vertical flux of the horizontal momentum at 12 min. The momentum flux decreases dramatically
above 150 km and becomes almost negligible at 200 km and
above. As discussed in Vadas and Liu (2009), the divergence
of momentum flux is created by the dissipation of the smalland medium-scale gravity waves, which accelerates the background neutral wind. The thermospheric body force created
from the gravity wave dissipation has been calculated using
the formula from Vadas and Liu (2009). Figure 3b shows
large body force below 200 km. The magnitude can be more

Ann. Geophys., 32, 443–447, 2014
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Fig. 4. The same as Fig. 2, but for the low-frequency wave (ω = 0.25ωB , λ = 4πH ).

than 1 m s−2 , and the vertical depth is ∼ 80 km, which are
consistent with the results from the ray trace model (Vadas
and Liu, 2009). The boundary conditions may strongly influence the variables close to the boundaries and cause something unrealistic. We will not emphasize the physical meaning of the features next to the boundaries.
Figure 4 shows the variation of neutral density when a
low-frequency oscillation (ω = 0.25ωB , λ = 4πH ) is added
in the lower boundary. The wavelength is smaller than cutoff frequency for both hydrostatic and non-hydrostatic cases
(λ < λn < λh ), which indicates that the wave should be able
to propagate in both hydrostatic and non-hydrostatic models. Indeed, the wave oscillation keeps propagating upward
from the lower boundary during the whole simulation period
as shown in Fig. 4. Compared to Fig. 2, the main difference
is the large disturbance above 200 km attitude after 12 min.
The amplitude of the disturbance actually increases with altitude, which is consistent with the fact that the neutral density
exponentially decreases with height and the perturbation energy is roughly conserved.

4

Conclusions

The analysis of the dispersion relationship indicates that
high-frequency (ω → ωB ) and small horizontal scale (λ ≤
4πH ) gravity waves may be reflected and ducted in nonhydrostatic simulations, but usually propagate vertically in
hydrostatic models. To investigate gravity wave dissipation
in non-hydrostatic simulations, a preliminary study has been
conducted with the global ionosphere–thermosphere model
(GITM). GITM is a non-hydrostatic general circulation
Ann. Geophys., 32, 443–447, 2014

model for the upper atmosphere with a flexible spatial resolution. It can be run both globally and regionally. In this study,
it has been run regionally in a domain of 20◦ long × 10◦ lat
centered at 10◦ E, 0◦ N with the horizontal resolution of
0.2◦ long × 0.2◦ lat to resolve the high-frequency small-scale
gravity wave with wavelength of 250 km. A cosine wave oscillation with amplitude of 30 m s−1 has been applied to the
zonal wind at the low boundary at 100 km altitude. The wavelength is close to 4π H , and two different frequencies have
been tested including high-frequency (ω = 0.75ωB ) and lowfrequency (ω = 0.25ωB ) cases. In the high-frequency case,
the gravity wave stays below 200 km, which indicates that
the wave is reflected or ducted in propagation. The results are
consistent with the prediction from the dispersion relationship since the wavelength is larger than the cutoff wavelength
in the non-hydrostatic situation (λn ≤ λ). However, the lowfrequency wave propagates to the high altitudes during the
whole simulation period, and the amplitude increases with
height. This study shows that our non-hydrostatic model successfully reproduces the high-frequency small-scale gravity
wave dissipation.
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