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1. Introduction

Momentum deposition by gravity waves plays a 
major role in maintaining the observed large‐scale 
structure in the middle atmosphere (Lindzen, 1981; 
Holton, 1982; Andrews et al., 1987). The magnitude 
of the momentum forcing by gravity waves is pre-
dominant in the upper mesosphere, and hence it is es-
sential to understand characteristics of mesospheric 
gravity waves and to parameterize them properly in 
large‐scale models. Mesospheric gravity waves have 
been observed by airglow imagers and radars (e.g., 
Taylor et al., 1995; Nakamura et al., 1999; Shiokawa 
et al., 2003; Suzuki et al., 2007). They have short, hor-
izontal wavelengths (a few tens of km) and periods 
(a few buoyancy periods). Among various tropo-
spheric sources (e.g., topography, convection, jet‐
front system), convection is considered to be the most 
significant source of these short wavelength and 
short period waves. Recent ray‐tracing analysis of 

observed gravity waves by Wrasse et al. (2006) re-
vealed that a large portion of the waves are ducted 
and/or generated in the mesosphere.

In‐situ momentum forcing due to breaking of the 
vertically propagating gravity waves generated by 
tropospheric sources can be another source of the 
gravity waves observed in the mesosphere, and sev-
eral numerical modeling studies on this topic have 
been conducted (e.g., Holton and Alexander, 1999; 
Zhou et al., 2002; Vadas et al., 2003; Snively and 
Pasko, 2003; Chun and Kim, 2008). The above stud-
ies revealed that the spatiotemporal variability of the 
mesospheric forcing is important in determining the 
properties of the secondary waves, and that the down-
ward‐propagating secondary waves below the meso-
spheric forcing region cancel the momentum flux by 
the upward‐propagating primary waves more or less, 
depending on the basic‐state condition. From an ideal 
simulation under a quiescent basic‐state wind, Snively 
and Pasko (2003) showed that the dominant horizon-
tal wavenumber and frequency of the secondary 
waves are twice those of the primary gravity wave, 
and that upward‐propagating secondary waves are 
thermally ducted in the lower thermosphere. Recently, 
Snively and Pasko (2008) proposed the generation 
mechanisms of ducted waves in the lower thermo-
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sphere using an analytical model and a fully non-
linear model under quiescent and uniform back-
ground conditions: (i) linear coupling between waves 
ducting in the stratosphere and thermosphere and (ii) 
resonant nonlinear interaction of the primary waves. 

The purpose of this paper is to investigate the ef-
fects of the basic‐state wind on secondary waves in 
the mesosphere, extending the study of Snively and 
Pasko (2003). For this, we simulate mesospheric 
gravity waves (primary waves) generated by a pre-
scribed momentum forcing, representing oscillating 
updrafts and downdrafts near the cloud top, using a 
two‐dimensional model under three different basic‐
state winds. We then examine the spectral character-
istics of the secondary waves caused by the breaking 
of the primary waves and the differences among the 
simulations. Special emphasis is given to how the 
wave‐propagation condition of the secondary waves 
during their passage down from the wave breaking 
region influences their spectral characteristics.

2. Numerical experiments

The numerical model used in this study is the two‐
dimensional (x–z) version of the Advanced Regional 
Prediction System (ARPS: Xue et al., 2000), which 
is a nonhydrostatic and compressible model. The 
model domain is 1000 km in width and 141 km in 
depth with horizontal and vertical grid sizes of 1 km 
and 300 m, respectively. A sponge layer with Rayleigh 
damping is equipped from z = 105 km to the model 
top to prevent artificial reflection. At the lateral boun-
daries, a radiation condition by Orlanski (1976) is 
used and a sponge layer with a width of 100 km is in-
cluded at both ends. For parameterization of the sub-
grid‐scale turbulence mixing, the first‐order closure 
scheme of Smagorinsky (1963) is used. The moist 
process and the rotational effects of the Earth are 
ignored. We do not consider the effects of molecular 
diffusion, which are negligible below z = 100 km.

In this study, three experiments were conducted 
under the same stability but with different basic‐state 
winds: A quiescent, a uniform, and a sheared basic‐
state wind, referred to as QUI, UNI, and SHR, 
respectively. For the uniform‐wind case, U = 15 m 

s‐1 is used (where U is the background wind). For the 
sheared‐wind case, the zonal‐mean zonal wind in 
July at 35ºN provided by the Committee on Space 
Research (COSPAR)’s International Reference Atmosphere 
(CIRA: Fleming et al., 1990) is used. The stability 
used for all three simulations was obtained with the 
zonal‐mean temperature in July at 35oN provided by 
CIRA. The basic‐state wind and stability used for the 
present numerical simulations are shown in Fig. 1a 
and 1b, respectively. Time integration is carried out 
for 5 hr.

As a source of primary gravity waves, the idealized 
vertical momentum forcing used by Snively and 
Pasko (2003) was applied to all the experiments. The 
forcing is given by Fw = A exp[–(x–x0)2/2σx

2 –(z–
z0)2/2σz

2 –(t–t0)2/2σt
2] cos(kx) cos(ωt) with A = 0.0072 

m s‐2, k = 0.00011 rad m‐1, ω = 0.011 rad s‐1, σx = 30 km, 
σz = 4 km, σt = 10 min, x0= 250 km, z0= 12 km, and 
t0 = 30 min.

3. Results

a. Wave breaking and secondary waves

Figure 2 shows the normalized vertical velocity
fields ( ( ) ( )[ ] wzz r

2/1ρρ , where [ρ  is the background 
density, w is the vertical velocity, and zr = 50 km) with 
wave‐breaking regions (thick solid) at the beginning 
(left) and vigorous (right) stages of wave breaking 
in QUI, UNI, and SHR. At t = 52 min, waves gen-
erated by the prescribed momentum forcing prop-

Fig. 1. The basic‐state (a) wind and (b) stability used for 
each experiment.
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agate eastward and westward symmetrically with re-
spect to x = x0 (250 km) in QUI, while eastward‐prop-
agating waves are dominant in SHR due to filtering 
by the easterly basic‐state wind. Although westward‐
propagating waves are dominant in UNI at t = 66 min 
under a westerly basic‐state wind, they are mostly re-

flected from the stratosphere after early wave break-
ing near the model top, and wave breaking occurs on-
ly for the eastward‐propagating waves after 2 hr. 
Therefore, after wave breaking occurs (Fig. 2: right), 
the eastward‐propagating waves are considered ex-
clusively and analyzed in all simulations for Figs. 4‐6. 

Fig. 2. Normalized vertical velocity fields (thin) and a Richardson number of 1/3 (thick) at the beginning (left) and vigorous 
stages (right) of wave breaking in QUI, UNI and SHR. The fields at t = 52, 66, and 52 min (84, 120, and 100 min) are 
presented as the beginning (vigorous) stages in QUI, UNI, and SHR, respectively. Thin contours are plotted at values 
of ‐3.0, ‐2.4, ‐1.8, ‐1.2, ‐0.6, ‐0.2, 0.2, 0.6, 1.2, 1.8, 2.4, and 3.0 m s‐1 and negative values are shaded. Boxes and stars 
in right panels are domains for Fourier and wavelet analyses, respectively.
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The area of wave breaking is represented by a non‐
zero eddy viscosity coefficient, which is denoted by 
a thick solid line. For the subgrid-scale turbulence pa-
rameterization, the first-order closure by Smagorinsky 
(1963) is used in the present study. The scheme acti-
vates turbulence where Ri < Pr (where Ri and Pr are 
the Richardson and Prandtl number, respectively) 
and we set Pr = 1/3 in the present study. Wave breaking 
begins at around t = 1 hr at the model top in QUI and 
UNI, and at z = 90 ~ 100 km in SHR. These altitudes 
are highly correlated with regions of the largest neg-
ative vertical gradient of potential temperature 
perturbation. Note that wave breaking tends to begin 
where the vertical gradient of total potential temper-
ature (∂θ/∂z = ∂θ/∂z + ∂θ /∂z, where θ, θ  and θ are the 
basic-state, perturbation and total potential temper-
ature, respectively) becomes near zero. Since the ba-
sic-state potential temperature has large positive gra-
dient in general, a large negative gradient of the per-
turbation potential temperature is required for near 
zero total gradient (∂θ/∂z = ∂θ/∂z+ ∂θ /∂z ~ 0).

It appears that part of the primary waves are reflected
and trapped in several layers below about z = 70 km, 
even before wave breaking. To gain some insight into 
this possibility, the squared vertical wavenumber 
( 22222 ˆ/)ˆ( ωω kNm −= , where m  is the vertical wave-
number, N is the Brunt-Vaisala frequency, and ω̂  is 
the intrinsic frequency) of the dominant primary wave 
with a horizontal wavenumber and frequency of the 
specified forcing is calculated (Fig. 3) for the given 
basic-state winds (Fig. 1a) and stability (Fig. 1b) of 
the three experiments. The vertical wavenumber of 
gravity waves for a given horizontal wavenumber 
and frequency can change with altitude when the 
background is height-dependent. Once the verti-
cally-propagating waves meet the level of m2 = 0, sig-
nificant reflection occurs there (e.g., Gossard and 
Hooke, 1975). The calculations show that m2 for the 
eastward component of SHR is zero at z = 13, 47, and 
70 km and negative around the z = 47-70 km layer. 
Below about 13 km, zero-m2 levels exist for all cases. 
This implies that upward and eastward-propagating 
waves in SHR can be reflected from 47 km and trap-
ped or ducted in the 13-47 km layer and evanescent 
in the 47-70 km layer and below 13 km. This is evident 

from the erect vertical velocity in Fig. 2. Although 
there is no zero-m2 level above the stratosphere in 
QUI and UNI for the dominant primary wave (Fig. 
3), waves with shorter horizontal wavelengths and 
periods, which are generated by the Gaussian enve-
lope, can have zero-m2 levels above the stratosphere 
in QUI and UNI as well. This is evident from the 
downward propagation of the primary waves in QUI 
and UNI, as shown in Fig. 2. Compared with SHR, 
however, primary-wave reflection is not significant 
in QUI and UNI.

At the vigorous stage of wave breaking at which 
the turbulent regions are most broad between z = 90 
~ 105 km (Fig. 2: right), downward-propagating 
waves are detected near the wave-breaking region, 
with westward-tilted phase line. Given that the re-
flection of upward-propagating primary waves is 
negligible above z ~ 60 km, as mentioned previously 
(Fig. 3), the downward-propagating waves above z 
~ 60 km are those generated by sources in the upper 
mesosphere. Moreover, these waves have different 

Fig. 3. The profiles of vertical wavenumber (m2) for the 
dominant primary wave with k = 0.00011 rad m‐1 and ω = 
0.011 rad s‐1, propagating eastward and westward sepa-
rately for each simulation. In QUI, the eastward and west-
ward propagating component is identical.
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spatial scales and slopes of phase line from those of 
the primary waves in all experiments (Fig. 2). This 
supports the fact that the downward-propagating 
waves above z ~ 60 km are primarily the secondary 
waves generated by the sources in the upper mesosphere. 
Although upward-propagating primary waves still 
exist, their amplitudes become much weaker at this 
stage compared with those of the secondary waves. 
In QUI and UNI, secondary waves propagate down 
to the middle and lower atmosphere, whereas they are 
erect and trapped in the upper mesosphere in SHR. 
This will be discussed later.

The secondary waves in our experiments are gen-
erated associated with the wave breaking in the upper 
mesosphere. The wave-breaking process is highly 
nonlinear, and the secondary wave-generation mech-
anism associated with the wave breaking is not fully 
understood yet. Recent numerical modeling studies 
(e.g., Holton and Alexander, 1999; Zhou et al., 2002; 
Chun and Kim, 2008) suggested that the nonlinear 
momentum and thermal forcing due to breaking of 
the primary waves are the source of the secondary 
waves and that the secondary waves can be approxi-
mated by a linear response to the nonlinear forcing. 
Vadas et al. (2003) proposed, from an analytical 
study, that the body force that accompanies wave 
breaking is an important generation mechanism of 
the secondary waves, which can explain some fea-
tures of the numerically simulated secondary waves.

To understand the spectral characteristics of the 
secondary waves, we analyzed the primary waves 
first using the vertical velocity at z = 90 ~ 100 km just 
before wave breaking occurred. The primary waves 
in all experiments have similar spectra (not shown) 
with a single peak at k1 ~ 1.0 × 10‐4 rad m‐1 and ω1 ~ 
1.2 × 10‐2 rad s‐1, which correspond to those of the pre-
scribed tropospheric source.

Figure 4 shows the time series of the k and ω spectra 
of the secondary waves after t = 1 hr in QUI, UNI, 
and SHR. The analysis domains for calculating the 
horizontal wavenumber spectrum and positions for 
calculating the frequency spectrum are indicated by 
boxes and stars in Fig. 2, respectively. The analysis 
domains are selected so that the secondary waves are 
separated from the primary waves as much as possible, 

although complete separation may not be achieved. 
Given that the magnitude of the primary waves are 
negligible after t = t0 (= 30 min) and the possible re-
flection of the primary waves below z = 60 km in QUI 
and UNI and 70 km in SHR (Fig. 3), however, the 
analysis domains selected are reasonably good for 
separation. Figure 4 reveals that the spectral charac-
teristics of the secondary waves differ significantly 
in each case. In QUI, the dominant wavenumber (k2) 
and frequency (ω2) of the secondary waves are 1 ~ 
3 times k1 and 1 ~ 2 times ω1, while k2 = (1 ~ 4.5) k1 
and ω2 = (1 ~ 3) ω1 in UNI. In these cases, waves with 
a larger horizontal scale reach the analysis domains 
earlier than shorter waves. For instance, secondary 
waves with two well-separated horizontal scales 
(~0.00018, 0.0003 ~ 0.0004 rad m‐1) are detected in 
UNI before and after t ~ 2 hr (Fig. 2). In SHR, k2 = 
(1 ~ 4) k1 and ω2 = (1 ~ 3) ω1.

It is noteworthy that strong power exists con-
tinuously near k1 and ω1 in SHR, and is likely due to 
the leakage of the trapped primary waves. This is con-
sistent with Sniverly and Pasko (2008)’s results of 
nonlinear energy transfer to the secondary waves as 
primary waves propagate away from the duct. 
However, the power near k1 and ω1 in the present SHR 
simulation sustains, while it decreases with time as 
the powers of the secondary wave modes increase in 
QUI and UNI, as in Sniverly and Pasko (2008). 
Considering that Sniverly and Pasko (2008) used the 
uniform basic‐state wind (as in UNI of the present 
study), the difference is likely due to wind shear 
effects. However, given that the secondary waves 
considered in Sniverly and Pasko (2008) are ther-
mally ducted in the lower thermosphere, while they 
propagate downward below mesopause in the pres-
ent study, this difference may be caused by more than 
just a shear in the basic‐state wind. There are two pos-
sible factors that may cause the different spectral 
characteristics of the secondary waves: (i) The non-
linear momentum forcing to generate the secondary 
waves and (ii) the wave‐propagation condition that 
filters/reflects the secondary waves during their 
passage. In the next section, we examine these two 
factors.
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b. The source and propagation conditions

The nonlinear forcing associated with wave 
breaking can be the source of secondary waves in the 
mesosphere. The vertical nonlinear forcing (Fw) is 
calculated by 

( ) ( )2
0

0
0

0

11 w
z

wu
x

Fw ′
∂
∂−′′

∂
∂−= ρ

ρ
ρ

ρ , (1)

following Chun and Kim (2008). Here u' and w' are 
the zonal and vertical wind perturbation, respectively. It 
is the only forcing term in the vertical momentum 
equation of the linear gravity waves, when the dif-
fusion term which is much smaller than Fw is ignored.

Figure 5 shows the two‐dimensional power spec-
tral density (PSD) of Fw averaged over z = 90 ~ 105 
km for QUI, UNI, and SHR as functions of k and ω. 
This analysis reveals that the spectral shapes of the 

Fig. 4. Time series of base‐10 logarithms of PSDs of the normalized vertical velocities with respect to the horizontal 
wavenumber (left) and frequency (right) after t = 1 hr in QUI, UNI and SHR.
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nonlinear forcing do not differ significantly from 
each other. Strong power exists at a phase speed 
(slope in the k−ω domain) of ~100 m s‐1, which is the 
phase speed of the prescribed tropospheric forcing 
and of the dominant primary waves induced by the 
forcing. The spectral width, however, is more con-
centrated near a phase speed of 100 m s‐1 in SHR than 
in QUI. Although the details may differ, the general 
features of the nonlinear forcing spectrum in all three 
simulations are similar. This is somewhat expected, 
because the nonlinear forcing is due to the breaking 
of primary waves that have similar spectral charac-
teristics for all three simulations.

The two‐dimensional internal gravity wave can
propagate upward/downward when cωω ˆˆ0 ≤< , 
where ω̂  is the intrinsic frequency and cω̂  is the in-
trinsic frequency when m = 0. The waves that do not
satisfy the above propagation condition will be attenuated
exponentially by a factor of  ]exp[ ∫− dzmi , where mi

is the imaginary part of m  for the negative value of 
m2. Figure 6 shows the wave‐propagation condition 
in the k−ω domain for the given basic‐state wind and
stability of each simulation, along with the spectral
region in which the attenuation factor ]exp[ ∫− dzmi

becomes e-1 (dotted). The two‐dimensional PSD of 

the normalized vertical velocity calculated in the 
analysis domain is also included (shading). The thick 
straight lines in each panel indicate the phase speeds 
that equal the maximum and minimum of the basic‐
state winds in the layer between the wave‐breaking 
height (z0: 90 km) and the center of the analysis do-
main (zs: 70 km for QUI and UNI and 85 km for SHR). 
Therefore, in the spectral region between the thick 
straight lines and dotted lines in Fig. 6, the secondary 
waves propagate downward effectively from z0 to 
zs without a significant loss of amplitude. Note that the
evanescent factor ]exp[ ∫− dzmi is very small below
75 km in SHR, and this is why the secondary waves
in SHR are trapped in the upper mesosphere, as 
shown in Fig. 2.

In QUI, wave propagation is allowed in a rather 
limited spectral region, especially for frequencies 
less than 2ω1, although with the wide forcing spec-
trum shown in Fig. 5. The evanescent region of e-1 
is close to the wave-propagation region, and PSD de-
creases rapidly for high-frequency components. 
Similar features can be seen in UNI, except that wave 
components with frequencies between 2ω1 and 2.5ω1 
and wavenumbers larger than 2k1 sustain their ampli-
tude due to shifting of the wave-propagation region 

Fig. 5. Base‐10 logarithm of two‐dimensional PSD of the nonlinear forcing in the ω−k  domain for each experiment 
averaged over z = 90‐105 km.
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to high-frequency and high-wavenumber because of 
the positive basic-state wind. In SHR, the wave- 
propagation region shrinks due to vertical wind shear 
and is confined for frequencies less than 2ω1. However, 
because the evanescent region of e-1 is located at high 
frequency side, far from the boundary of the wave- 
propagation region, waves with frequencies between 
2ω1 and 3ω1 and wavenumbers larger than 2k1 will 
also be visible, unlike in QUI and UNI. In the present 
study, the downward-propagating secondary waves 
below the nonlinear force region were considered ex-
clusively due to a limited physical model top of z ~ 
105 km. In the experiment of Snively and Pasko 
(2003), with a physical model top of 200 km, the sec-
ondary waves in the thermospheric duct had some-
what higher wavenumbers and frequencies than 
those at z ~ 50 km in our QUI, mainly due to changing 
the wave-propagation conditions by the Brunt-Vaisala 
frequency in the thermosphere.

Figure 6 shows clearly that the basic-state wind in-
fluences the spectral characteristics of the secondary 
waves through the wave-propagation condition, al-
though the nonlinear forcing due to breaking of the 
primary waves is similar among the experiments 

with different basic-state winds (Fig. 5). This does 
not imply that the nonlinear forcing is unimportant 
for determining the characteristics of the secondary 
waves. Rather, a spectral combination of the wave 
source and wave-propagation condition determines 
the wave characteristics, as demonstrated by Song et 
al. (2003) and Chun et al. (2007), and the basic-state 
wind influences the wave-propagation condition 
more in the present ideal simulations.

4. Discussion

In the present study, we examined the effects of 
the basic-state wind on secondary waves in the 
mesosphere caused by the breaking of the primary 
waves generated by a prescribed momentum forc-
ing under three idealized basic-state winds (a quies-
cent, a uniform, and a sheared basic-state wind) and 
a given stability. It was found that the spectral char-
acteristics of the secondary waves differ sig-
nificantly among the experiments, although the 
nonlinear momentum forcing that generated the 
secondary waves had similar spectral shapes. This 
is because the basic-state wind determines the 

Fig. 6. Base‐10 logarithm of two‐dimensional PSD (color shading) of the normalized vertical velocity calculated at z 
= 70 km (85 km) for QUI and UNI (SHR). Thick straight lines denote the phase speeds that equal the maximum and 
minimum of the basic‐state wind, the thin solid lines the minimum of m2 that equals zero, and dotted lines the evanescent 
region of e-1, between 90 – 70 km (90 – 85 km) for QUI and UNI (SHR). Details can be found in the text.
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wave-propagation condition in the spectral domain, 
and accordingly, the secondary waves that satisfy 
the wave-propagation condition during their pas-
sage down from the source region depend on the ba-
sic-state wind. Among the three wind states, a rela-
tively large portion of the secondary waves that are 
presumably generated by the nonlinear forcing sus-
tain their amplitude in the sheared-wind case, 
whereas most of the high-frequency components 
are filtered out for the quiescent and uniform wind 
cases.

In this study, we considered a quasi-monochromatic 
tropospheric source of primary waves, which repre-
sents oscillatory updrafts and downdrafts near 
cloud tops, with specified parameters. The results 
with different parameters under the same tropo-
spheric source are generally similar to the present 
results. However, if we consider more realistic con-
vective sources in the troposphere with a wide spec-
trum, the primary waves and resultant nonlinear 
forcing due to breaking of the primary waves in the 
mesosphere may be different according to the ba-
sic-state wind, as discussed in Chun and Kim 
(2008). In that case, the basic-state wind influences 
not only the propagation condition of the secondary 
waves but also the nonlinear forcing to generate the 
secondary waves. Therefore, in general, the ba-
sic-state wind influences both the source and 
wave-propagation condition, and a spectral combi-
nation of the nonlinear forcing and the wave-prop-
agation condition determines the spectral character-
istics of the secondary waves (Chun et al., 2007). 
The present results provide useful information on 
the downward- propagating secondary waves gen-
erated by in-situ sources in the mesosphere for devel-
opment of gravity-wave drag parameterizations, in-
cluding secondary-wave effects.
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