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Abstract

We employ a linear model of the responses to local body forces to estimate the spec-
tra of gravity waves arising due to vertical motions within mesoscale convective com-
plexes (MCCs) at equatorial latitudes. Ray tracing methods are then used to propagate
these spectra through model wind and temperature fields and to anticipate their ther-
mospheric effects. We find that gravity wave forcing by MCCs is dominated by large
vertical motions of limited horizontal extent, that individual convective cells within an
MCC effectively act as independent sources of gravity waves if they are separated by
two or more diameters, and that vertical body forces create higher-frequency gravity
waves than comparable horizontal body forces. Ray tracing reveals that of the gravity
waves excited by MCCs, only the high-frequency, long-vertical-wavelength portions of
the refracted spectrum (above the shear) can penetrate to high altitudes, that variable
winds impose significant anisotropy on the surviving gravity waves, that refraction and
dissipation determine the portion of the MCC wave spectrum important in the lower
thermosphere, and that large net momentum flux divergence may lead to strong local
body forcing well into the thermosphere. Gravity waves excited by MCCs and having
sufficiently large vertical wavelengths and group velocities above the shears at lower al-
titudes can penetrate to altitudes at which they may be expected to contribute to the

seeding of equatorial spread F.
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1. Introduction

Numerous studies have addressed the excitation and effects of gravity waves arising
from strong convection as their roles in the stratosphere and at greater altitudes have
become increasingly recognized. Observational studies have associated gravity waves near
the mesopause with severe storms (Taylor and Hapgood, 1988; Sentman et al., 2003) or
correlated mesoscale variance, discrete gravity wave signatures, and wave momentum
fluxes in the troposphere and lower stratosphere with convection and frontal activity
(Larsen et al., 1982; Lu et al., 1984; Kuettner et al., 1987; Fritts and Nastrom, 1992;
Hauf, 1993; Pfister et al., 1993a, b; Alexander and Pfister, 1995; Sato et al., 1995;
Karoly et al., 1996; Dewan et al., 1998; Alexander et al., 2000; Dhaka et al., 2001,
2002). The modeling study by Alexander and Vincent (2000) concluded that the seasonal
and interannual variability of gravity waves observed at Cocos Island and described by
Vincent and Alexander (2000) was likely due to deep convection. Other studies estimated
that convective gravity waves make a significant contribution to mean forcing (Dunkerton,
1997; Alexander and Holton, 1997; Chun and Baik, 1998; Piani et al., 2000).

More focused studies of convection and gravity wave generation examined the specific
mechanisms of wave generation. Two-dimensional (2D) studies suggested three primary
sources of gravity waves arising from convection. These are the “mechanical oscillator”
(Clark et al., 1986; Fovell et al., 1992; Alexander et al., 1995), deep heating (Salby and
Garcia, 1987; Walterscheid et al., 2001; Holton et al., 2002), and the “obstacle effect”
(Pfister et al., 1993a; Alexander and Vincent, 2000), which appear to play varying roles
depending on the spatial and temporal structure of the convection and the environmen-
tal shear and stability profiles. More recent studies have emphasized (or reiterated)
the three-dimensional (3D) aspects of convectively-generated gravity waves and further
quantified their structure, source mechanisms, and responses to environmental profiles
(Piani et al., 2000; Lane et al., 2001; Horinouchi et al., 2002; Beres et al., 2002, 2004).
In particular, these studies have highlighted the tendency for the resulting wave field to
be determined largely by the responses to local, rather than “ensemble”, forcing by ap-
parently individual convective cells, with the circular patterns of gravity waves radiating

outward from the most intense convection often seen well above the convective sources



(Taylor and Hapgood, 1988; Dewan et al., 1998; Sentman et al., 2003). Further discus-
sion of convectively-generated gravity waves, and of their effects at higher altitudes, may
be found in the recent review by Fritts and Alexander (2003).

The gravity waves excited by convection have a potential to have influences to very
high altitudes because they often have relatively large vertical wavelengths and they often
propagate, initially at least, in all directions from the convective source. Large vertical
wavelengths imply large horizontal phase speeds that escape critical-level absorption more
readily than waves having smaller phase speeds. Quasi-isotropic directional propagation
implies that at least a portion of the excited waves will penetrate to high altitudes, where
increasing large-scale winds cause waves to refract to higher and lower intrinsic frequencies
(and phase speeds) and allow for differential momentum deposition where the waves are
dissipated (Vadas and Fritts, 2002). The largest vertical wavelengths (and phase speeds)
also are favored by deep convection (Salby and Garcia, 1987), and the most energetic
waves are excited by the most intense convection having the strongest heating and the
largest vertical motions (Piani et al., 2000; Lane et al., 2001). The combination of these
influences makes the tropical convection zones the dominant sources of convectively-
generated gravity waves, and possibly the dominant sources of high-frequency gravity
waves on the planet, based on wave variances inferred from GPS and other data (Tsuda
et al., 2000).

The consequences of gravity waves penetrating to very high altitudes are largely un-
known at this time. However, there is some evidence that they propagate to altitudes
of ~ 200 to 400 km and above, and that they may have some significant effects on the
neutral and plasma dynamics at these altitudes. Electron density and temperature mea-
surements with VHF and UHF radars suggest gravity wave fluctuations having periods
of ~ 40 min to 2 hr and vertical scales ~ 30 to 50 km to altitudes of ~ 100 to 200 km,
with larger vertical scales at greater altitudes (Hocke and Schlegel, 1996; Oliver et al.,
1997). We note, however, that the evidence of gravity waves at very high altitudes (above
~ 200 km) is often linked to apparent auroral sources at high latitudes. Other measure-
ments have suggested a possible link between stratospheric gravity waves above tropical
convection with ionospheric irregularities at much greater altitudes (Hocke and Tsuda,

2001). Gravity waves have also been implicated in the seeding of equatorial spread F



(ESF) (Hysell et al., 1990; Huang and Kelley, 1996a, b; Sekar and Kelley, 1998) and in
large local body forcing of the lower thermosphere (Vadas and Fritts, 2002), though these
effects remain to be confirmed and quantified with further modeling and observations.
There are, nevertheless, sufficient motivations at this point in time to explore more fully
the potential links between convectively-generated gravity waves at tropical latitudes and
their effects in the lower thermosphere.

Our objective in this paper is to approximate both the spectrum of gravity waves
arising from mesoscale convective complexes (MCCs) at tropical latitudes and their prop-
agation through variable wind and stability profiles into the lower thermosphere. For this
purpose, we will represent the convective sources of gravity waves accompanying MCCs
as momentum sources in an idealized linear model based on the formalism advanced by
Vadas and Fritts (2001, 2002). Such an approach is validated by the relatively good
agreement found between such idealized linear forcing and a direct nonlinear description
of convectively-generated gravity waves by Pandya and Alexander (1999). The resulting
gravity wave spectrum is then propagated to higher altitudes via ray-tracing techniques
(Eckermann, 1992; Marks and Eckermann, 1995; Eckermann and Marks, 1996), from
which we infer penetration altitudes and possible wave influences.

Our paper is structured as follows. The formulation of the linear model employed
to describe gravity wave excitation by MCCs and the ray-tracing methodology used to
describe their vertical propagation are summarized in Section 2. Section 3 describes
our model of tropical convection, and Section 4 describes the spectrum of gravity waves
arising from MCCs for the assumed spatial and temporal scales of this source. Their
vertical propagation through two canonical winds and an isothermal temperature profile
is examined in Section 5. The possible roles of gravity waves arising from MCCs at lower
altitudes for body forcing, dependence on non-isothermal thermospheric temperature
profiles, and ESF seeding are also explored in Section 5. A summary and our conclusions

are provided in Section 6.
2. Model Formulations

a. Body Forcing Model

Convective sources of gravity waves can be described equivalently as heating or mo-



mentum sources, as these sources are coupled through the vertical momentum equation.
For our purposes here, we will describe MCC convective sources as vertical body forces
having spatial and temporal scales representative of the vertical motions within MCC
convection. Our formulation is based on that employed previously by Vadas and Fritts
(2001, 2002) and Vadas et al. (2003) to describe the mean and gravity wave responses
to horizontal body forces accompanying localized gravity wave breaking and momen-
tum deposition. Those applications employed an f-plane representation of the governing
equations. Our current application would be best served by a [-plane representation of
these same equations appropriate for equatorial latitudes. However, this would render
the equations nonlinear in the latitudinal coordinate and not analytically tractable. In-
stead, and motivated by the expected dominance of the wave spectrum by wave motions
at high intrinsic frequencies, we employ the f-plane formalism by Vadas and Fritts (2001)
with f=0.

a.1. Formulation

Vadas and Fritts (2001) (hereafter VF) considered the problem of body forcings and
heatings that are spatially and temporally localized. The 3D linear, Boussinesq, incom-

pressible, f-plane equations assuming no background wind are

uy %‘;—p ~ fu= Fy(x)F (), (1)
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where N is the buoyancy frequency, u, v, and w are the zonal, meridional, and vertical
velocities, § = T(p,/p)™/ % is potential temperature, T' is temperature, p is pressure, p
is density, ps is standard pressure, R/C, = (v — 1)/, g is gravitational constant, and
overbars and primes denote mean and perturbation quantities, respectively. The body

forcing and heating terms on the right-hand sides of Egs. (1-4) have spatial distributions



given by F,(x), F,(x), F,(x), and J(x) and can be any continuous functions. The

temporal distribution of the source terms is assumed to have the form
F(t) = %{ ;1 o ) Ei ?;:: o, (6)
and has a total duration o;,. The frequency of the source terms is a = 27n/o;, where
n is the number of forcing cycles. Our application of this methodology to gravity wave
generation by MCCs assumes n = 1. We also assume N = 0.02 rad s~' for this solution
as well as for the ray tracing.
The solutions to Egs. (1-5) are Egs. (3.8)-(3.17) in VF and are obtained in terms of

the Fourier transforms of the variables, e.g.,

1 o
u(z,y,z,t) = —— e tkr=ily=imeg g | m, t)dk dl dm, (7)
(2m)

where the tilde denotes a Fourier transform. For horizontal body forces, the solution
after the forcing is finished is composed of a mean response and a gravity wave response,
with the mean response independent of the temporal variability (i.e., ;) of the forcing.
However, the gravity wave response depends sensitively on the temporal variability of
the forcing. In particular, if the forcing is applied very slowly in time (e.g., 0, — o),
there is no gravity wave response. The exact gravity wave solutions after the forcing is

completed (i.e., t > ;) are

Dma? lfB
ki w
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ki w
'IT)GW = D &Q(APCUS - BFC), (10)

. B
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with the usual dispersion relation
w? = (k3 N° +m” f?) /K> (12)

In the above, © = ¢0'/0, S = sinwt + sinw(o; — t), C = coswt — cosw(o; — 1),

D =1/(oww?*(a? — w?)), k% = k*+1?, k* = k% +m?, k, I, and m are the zonal, meridional,
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and vertical wavenumbers, respectively, the subscript “GW?” refers to the gravity wave

portion of the solution, and

Ap = E—k@(@ﬂﬁﬁmi), (13)
B f(lF kF,) (14)
F k2 k2 Y/

a.2. Gravity wave spectra and cospectra

The most general solutions reveal a complex dependence of the gravity wave spectra
and cospectra on the various possible source terms and the spatial and temporal character
of the source(s) (see VF for details). We present here simplified solutions for horizontal
and vertical body forces in order to compare the gravity wave response to MCCs with
our previous applications.

The gravity wave spectra and cospectra resulting from a zonal body force with

Ap = —mkﬁ/kQ, Bp=0,and f =0 (assuming tropical convection) are
= 3
f® = S(5) (- 2) e (19
— k212
ol = & ( ) = ) e (16
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where the overbar represents a temporal average, and

4a* sin®(wo, /2)
(a2 — w?)2w0?

3

(21)

Eq. (21) yields &€ ~ 1 for fast or impulsive body forces and & ~ 1/4 for 0, = 7. at w = w,,
where 7, = 27 /w, and we define a characteristic frequency w. as the frequency obtained

from the dispersion relation, Eq. (12), for the characteristic scales of the source (see VF).



The corresponding spectral energy density (see VF) is

— fp k? w 2 fP ? 2
&= > (1—) \F\ (1—) \F\ (22)

where the arrow indicates the solution when [ = k. This is a realistic approximation when
the spatial scales of the forcing have similar lengths in both the zonal and meridional
directions, as expected for MCC gravity wave sources.

We note that the spectral energy density for a zonal body force peaks at approximately
the characteristic spatial scales of the body force provided 1) that w. is somewhat less
than N and 2) that the duration of the forcing is sufficiently short to prevent the prefactor
& from cutting off the spectrum for frequencies higher than a. Provided that a > w,, the
resulting gravity wave energy spectrum does not depend on the duration of the forcing, o;.
This is also true for the component horizontal velocity and potential temperature spectra.
The vertical velocity spectrum, however, differs in that gravity waves with frequencies
higher than the characteristic frequency are enhanced relative to gravity waves having
the characteristic frequency. The ratio of vertical to horizontal velocity spectra when
l=kis

[Gaw?  2w?/N?
laow? (1 —w?/N?)’

and readily demonstrates the preferential occurrence of significant vertical motions at

(23)

the highest frequencies for any source function.

Thus, a fast horizontal body force excites gravity waves that have spatial scales and
frequencies associated with the spatial scales of the body force, but constrained by the
forcing duration, with vertical velocities biased towards somewhat higher frequencies.
Shown for reference as solid (dashed) lines in the upper panels of Figure 1 are frequency
and horizontal and vertical wavenumber spectra of horizontal (vertical) velocities arising
from a zonal body force having a spatial distribution given by a Gaussian of the form

F,(x) = ug exp (_ [(ﬂ? — 1p)° i (y — yo)? n (2 — ZO)QD 7 (24)

2 2 2
20z 20, 20

with full width and depth of D, = 4.50, = 10 km, D, = 4.50, = 10 km, D, = 4.50, = 5

—1

km, ug = 100 ms~', and a temporal distribution given by Eq. (6) with o, = 27, ~ 1100

s. Note that the dominant horizontal and vertical wavelengths are ~ 40 and 6.3 km,



respectively, for the horizontal velocity spectrum and only slightly closer in scale for the
vertical velocity spectrum. The dominant wave periods for the horizontal and vertical
velocity spectra are ~ 26 and 19 min, respectively. For slow body forces (i.e., oy > ),
the horizontal wavelengths increase and the vertical wavelengths and wave frequencies
decrease with increasing forcing duration.

The gravity wave spectra and cospectra resulting from a vertical body force with

Ap = k% F,/K*, By =0, and f = 0 are

o = £(E)(2) L) e .
[Daw|? = g(%) (%) ( - ;—Z) |F. 7, (26)
il = § (30 22 )
Ocwl? = N2g %) ||, (28)

ot = & (o) (5) P (29

oWl = (,ﬁ%) (jj,—) i (30)
The corresponding spectral energy density for a vertical body force is

-2 (%) me (31)

which implies that the peak spectral energy density (and of the component spectra and
cospectra) occurs not at the characteristic frequency of the vertical body force but at
a frequency larger than the characteristic frequency (provided the temporal duration of
the forcing is sufficiently short) due to preferential excitation of the highest-frequency
waves. Comparing these expressions with the gravity wave spectra and cospectra as well
as the spectral energy density for a horizontal body force, Eqs. (15 - 20, 22), we observe
that vertical body forces result in wave spectra that are fundamentally different from the
wave spectra resulting from horizontal body forces. The ratio of vertical to horizontal
velocity spectra obtained for a vertical body force is identical to that shown in Eq. (23)

above. What is perhaps surprising is the ratios of vertical and horizontal velocity spectral



amplitudes for horizontal and vertical body forces when the forcing geometries are the

same, |F,|> = | F,|>. These are given by

|6GW|12;ert o ‘@GW‘%ert o QWQ/NQ

|ﬂGW|%oriz B ‘YI}GW|%OTiZ B (1 7w2/N2)’

(32)

and are seen to have the same form as Eq. (23) in this special case. In general, however,
gravity wave sources are not symmetric in the horizontal and vertical.

Shown in the lower panels of Figure 1 are the horizontal and vertical velocity spectra
arising from a vertical body force having the same spatial and temporal scales employed
to compute the horizontal body force response spectra displayed in the upper panels, but

1

with wy = 100 ms~' and

F.(x) = wg exp ( [

(z — x0)? N (v — w0)* N (z — ZU)QD ‘ (33)

202 207 202

In this case the dominant horizontal and vertical wavelengths are ~ 31 and 7 km, re-
spectively, for the horizontal velocity spectrum and again slightly closer together for the
vertical velocity spectrum. The associated dominant wave periods for the two spectra
are ~ 19 and 15 min, respectively, ~ 30% shorter than found for the horizontal body
force of the same geometry.

It is of interest to explore why horizontal and vertical body forces yield such different
gravity wave spectra. Consider first a horizontal body force having a depth o, << o,
and o,,. If such a body force is applied impulsively (Fritts and Luo, 1992; Luo and Fritts,
1993) or with 0, < 7. in time (VF; Vadas and Fritts, 2002; Vadas et al., 2003), the
gravity wave response is composed primarily of low-frequency waves having spatial scales
dictated by the geometry of the body force. If this body force is instead applied slowly
in time (i.e., 0y > 7.), the gravity wave response is even lower frequency (down to f),
with much larger horizontal scales and somewhat smaller vertical scales than the source
horizontal and vertical characteristic scales, respectively. The low-frequency motions
and small vertical scales result because the source scales couple efficiently only to low-
frequency motions; no large vertical motions are required to balance the slow and largely
horizontal circulation induced by this body force geometry. When this same body force
geometry is applied vertically and on a fast time scale, however, the result at first order

is a body of fluid displaced largely vertically, induced to oscillate at frequencies much

10



higher than the characteristic frequency (closer to the buoyancy frequency), and having a
considerably greater depth than the depth of the body force because a largely horizontal
balancing circulation, composed only of gravity waves, cannot occur on such rapid time
scales. Thus the response in this case excites gravity waves not having the vertical source
scales and characteristic frequencies, but having instead much deeper scales and much
higher frequencies than implied by the source geometry alone.

The situation is very different for a deep body force having o, > o0, and o,. In this
case, a horizontal body force acting slowly excites gravity waves having horizontal scales
much larger than vertical scales (with vertical scales being somewhat smaller than source
vertical scales, and horizontal scales being much larger than source horizontal scales),
and having frequencies lower than the characteristic frequency when o, ~ o0, and o, and
having frequencies of order the buoyancy frequency when o, > o, and o,. These effects
occur because, as above, largely horizontal motions are able to accommodate the required
response. A fast forcing with this same body force geometry, in contrast, leads to gravity
wave vertical scales comparable to vertical source scales because larger vertical motions
(and higher wave frequencies) must play a role in the adjustment process. (In this case,
the gravity wave horizontal scales are of order the source scales when o, ~ o, and oy,
and are much greater than source scales when o, > 0, and o0,). Both lead to a mean
response when the forcing is finished that has the same scales as the horizontal body
force when £ = [. On the other hand, a vertical body force of the same geometry leads
only to gravity wave radiation, with the scales dictated by the forcing geometry for fast
body forces. For slow body forces, the gravity wave vertical scales are somewhat smaller
than vertical source scales, while the horizontal scales are much larger than horizontal
source scales. The gravity wave frequency for slow body forces peaks at the buoyancy
frequency for sources with o, > o, and o0,, and peaks at lower frequencies for sources
with o, ~ 0, and o,. We note that for all body forces, an important upper limit on
the wave frequencies that can be efficiently excited is imposed by the source frequency
a, independent of the source geometry, because higher-frequency waves are not required

to describe the induced circulation.

b. Ray-Tracing Methodology
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Our ray tracing model is built on the formalism developed by Lighthill (1978) and
allows the wind, density, and other background parameters to change as functions of
altitude and horizontal location. If a wave packet is propagating in a background wind,
V(x) = (V4, V5, V3) = (U, V, W), then its evolution in space and time is described by the
following equations:

@ Owry

a T o

=Vi+cy, (34)
and

E__jax,; 63:7;’

where the indices i, 5 = 1, 2, 3 indicate the components of the vector quantities x, V, k,

dk; oV, Oy
S At el (35)

and the group velocity c,, repeated indices imply a summation, and wy, is the real part
of the intrinsic frequency of the gravity wave; w;, = real(w) — kU — [V, where real(w) is
the real part of the ground-based frequency.
For example, w;, is given by
o N (36)
m? + ki, +1/4H?
in a fluid that has negligible viscosity and thermal conductivity, f = 0, and for gravity

waves that can be described by the anelastic approximation. Eq. (36) accurately repre-
sents the structure and behavior of the highest-frequency gravity waves in the mesosphere.
As these waves propagate into the lower thermosphere, however, viscosity and thermal
diffusivity become increasingly important with altitude due to the decreasing background
density. Consequently, the dispersion relation must be modified to account for the role of
dissipation in defining wave structure and propagation. Because the Prandtl number is
Pr = 0.7 throughout the mesosphere and lower thermosphere (Kundu, 1990), kinematic
viscosity and thermal diffusivity will have comparable damping effects on a gravity wave
at approximately the same altitude. To account for both of these effects, however, is
beyond the scope of this paper (see Vadas and Fritts, 2004). Here, we consider only the
role of molecular viscosity in damping the gravity waves.

The intrinsic frequency is defined as w; = w — kU — [V, where the horizontal wind
is (U,V,0), where w is the frequency with respect to the ground frame, and the per-

turbation solutions are proportional to exp(—iwt) (e.g., the Fourier transforms of the
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zonal and vertical perturbation velocities of the gravity wave are @ o exp(—iwt) and
w x exp(—iwt), respectively). The intrinsic frequency can be split into real and imag-
inary parts: w; = wy, + twy;. Here, wy, is real and relates the intrinsic gravity wave
frequency to the wave structure, buoyancy frequency, and damping due to kinematic
viscosity, and wy; is real and expresses the inverse decay rate of the wave amplitude with
time due to molecular viscosity. (The inverse rate of decay of the wave momentum flux

is approximately twice wy;). Using the Navier-Stokes momentum equations,

1
% + (v.V)v + ;Vp —g=vVv, (37)

linearizing, making an anelastic approximation for the gravity waves, and assuming that
v is constant over a vertical wavelength at a given altitude z, the anelastic dispersion

relation has the form (Vadas and Fritts, 2004)
v (k* — 1/4H?)

S B TR oI (3%)
2 2 2
9 v, 0o (1+9) vmwiy, k3 N
Y (k2 —1/41 =
i+ MY G T TH e A (39)
where
vm
5= 40
Hoor (40)

Note that |0| < 1 where the molecular viscosity is unimportant at lower altitudes. This
dispersion relation is nonhydrostatic and compressible, but excludes acoustic waves, sim-
ilar to Marks and Eckermann (1995), and yields the anelastic dispersion relation (Eq.
(36)) when v = 0 (and § = 0). As a gravity wave propagates upward, wave damping
increases, and the wave eventually reflects and dissipates strongly within a scale height
where 0 ~ —1. For waves with vertical wavelengths less than 47H, w;; is always nega-
tive. To ensure that molecular viscosity causes dissipation even for waves with very large
vertical wavelengths, we specify the inverse decay rate to be —|wy;|. A gravity wave’s
momentum flux is then proportional to exp(—2|wy;|t). In general applications, N(z),
H(z), 0(2), and v(z) = u/p(z) will all vary with altitude (and the presence of large-scale
wave structures), placing additional restrictions on a formulation seeking more quan-

titative results. Here, we set N = 0.02 rads™!, H = 7.0 km, v = 1.4, T = 250 K,
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p=0.017gm m "' s p,=10% gm m 3 and p = p, exp(—z/H). This yields a kinematic

viscosity at 90 km of v = p/p = 6.5 m?s™!

, which is similar to the value used by Pitteway
and Hines (1963) of 4 m?s~" at this altitude. We allow initially downward-propagating
waves to reflect upwards at z = 0. No other wave reflections at z = 0 are allowed. In
addition, we only allow waves with vertical wavelengths above the shear of A\, < 80 km
to continue propagating upwards into the mesosphere/thermosphere in order to ensure
that the anelastic approximation remains approximately valid. This follows the criteria
that |m| > 1/2H, or A\, < 47H = 88 km for our assumed density scale height. In order to
test the sensitivity of our results to this cutoff, we also performed the same calculations
for the cutoff A, < 100 km above the shear layer. We found that the results changed
only slightly, implying not only that our results are robust, but also that it is the gravity
waves with vertical wavelengths < 80 km above the shear that are most important to the
thermospheric body forcing for our choices of shear and gravity wave MCC spectrum.
To achieve accurate numerical solutions, a 4™"-order Runge Kutta routine (Press et al.,
1992) is employed to advance the ray equations in time. Wave saturation effects are not
included here, since the waves which dissipate at the highest altitudes have large enough
phase speeds below the turbopause to likely avoid saturation (see Section 5b). Results
of this initial implementation of the viscous ray-tracing code are discussed in Section 5

below.
3. Gravity Waves Arising due to MCCs

We describe in this section the representation of MCC convection within our body
force model and the characteristics of the initial wave field that arises from this source.
We begin, however, by examining the impact on the resulting gravity wave spectra of
variable spacings between multiple sources.

Figure 2 shows frequency and horizontal wavenumber spectra of zonal wind for three
identical vertical body forces that occur simultaneously and that have spatial and tem-
poral scales of D, = Dy = 10 km, D, = 5 km, 0, = 1100 s, and wy = 100 ms ™' for
horizontal forcing separations of 0, 1, 2, and 3 D,. The response for zero spacing is
shown at 1/3 amplitude because superposed forces lead to quadratically larger spectral

amplitudes. The greatest departure of the spectra from multiple sources occurs for a
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source separation of only 1 D,. In this case, such sources lead to dominant horizontal
wavelengths at significantly larger scales than for a single source and a less obvious shift
towards larger wave periods. For source separations of 2D, or greater, however, horizon-
tal wavelengths are peaked more strongly about that for a single source, with a reduction
in the response at wavelengths of ~ 50 to 100 km and an enhancement in the excitation of
wavelengths larger than ~ 200 km. Despite these differences in the wavenumber spectra,
frequency spectra for separations of 2D, or larger are almost identical to that for a single
source. Gravity wave spectra for larger source separations thus closely resemble the sum
of spectra from individual sources, and we will utilize this fact in our description of the
waves arising from MCC convection below.

To represent MCC convection, we generate 30, spatially- and temporally-localized,
Gaussian, vertical body forces (simulating convective plumes) that occur within an hour
and over a small volume of the tropical upper troposphere. Because our model is linear,
we cannot take into account wind shear effects on the generated gravity wave spectrum
within the forcing area. The number of plumes is chosen to yield a mesoscale convective
pattern similar to Lane et al. (2001), with individual plumes having differing diameters,
depths, and strengths. Each plume has equal horizontal extents, o, = o,, with the full
width and full depth of each plume Dy, = 4.50, and D, = 4.50,, and a spatial distribution
as defined by Eq. (33) above. The full width of each plume is chosen randomly between
10 and 20 km employing a boxcar probability distribution, (10 + 10«) km, where « is a
random number between 0 and 1. The full depth, D,, is chosen to lie between 3 and 12
km, but along a probability distribution that emphasizes 3 km over 12 km full depths,
D, = (34 9aP) km, where p = 2. The strength of each plume is specified by

Wy — W1

wy = wy + (0, — 0,1) (41)

022 — 021 7
where 4.50,; = 3 km and 4.50,5, = 12 km. In addition, the vertical body force amplitude

1

ranges from w; = 50 m s~ ! and wy, = 250 m s~!. It might be surprising that we are

using such large force amplitudes. However, the 30 vertical body forces yield maximum

vertical updraft velocities ranging from 0.1 m s™! to 8.5 m s .

Thus, a vertical body
force is largely balanced by potential temperature and pressure perturbations rather than

by large vertical motions (see Eq. (3)).
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Each plume center is chosen randomly to lie within zy = [—50,50] km and y, =
[—50,50] km. Because gravity waves are generated most efficiently when convective
plumes impact the stratosphere, we set the forcing altitude to be zq = 2z, — D, /2, where
zi = 17 km. The temporal behavior of each plume is given by Eq. (6) with a starting
time chosen randomly within ¢ = [0, 1] h. The duration of each plume, oy, is chosen to

be
oy = 27, (42)

as in Figures 1 and 2 above. The range of values of o; for our choice of plume parameters
is 13 — 46 min.

Figure 3a and b show horizontal and vertical cross sections of the maximum positive
plume velocities evaluated every 5 minutes from ¢ = [0, 1] hr. Because of the probabilities
assigned to strong and weak plumes, only a few plumes are deep and have large vertical
motions. Because the smaller plumes are masked by the larger plumes in Figure 3b, we
also display the maximum updraft vertical velocities as a function of the body forcing
depths for each body forcing in Figure 3c. The largest body forcings have depths of ~ 8

' and thus agree well with

to 12 km and peak vertical velocities as large as ~ 8.5 ms™
the convection simulations by Lane et al. (2001). Because gravity wave amplitudes are
proportional to wy and frequencies are higher for deeper plumes, the few deepest plumes
account for the large majority of MCC gravity wave variances and momentum fluxes. A
sense of the temporal variability of the simulated plumes is provided in Figure 4, which
displays horizontal cross sections of instantaneous vertical velocities at four times sepa-
rated by 15 minutes. These views illustrate highly transient behavior of the plumes. Each
strong, deep updraft lasts for approximately 3—6 minutes, followed a few minutes later by
an equally strong downdraft (not shown). The plume with the strongest updraft is shown
at nearly its peak amplitude in the lower left panel of Figure 4 at (z,y) ~ (—31, —37)
km. In addition, Figure 4 shows that our assumption that the plumes are separated by
at least their diameter is a good assumption in general. As above, this behavior was
designed to replicate the temporal variability noted in 3D convective simulations and

appears to be in reasonable agreement with those studies (Piani et al., 2000; Lane et al.,

2001).
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4. Gravity Wave Propagation to Higher Altitudes

We begin exploring gravity wave propagation above MCC convection by examining
the wave field that arises from multiple plumes assuming the waves are not filtered or
refracted by mean wind shears. This also provides a further comparison of our plume
simulation with the results of 3D convective models in terms of wave amplitudes and
scales.

Horizontal and vertical cross sections of vertical velocity are shown in Figure 5 at
t = 30, 60, and 90 min following initiation of convective excitation. In order to include
the compressible effect that the wave amplitudes increase with height from the density
decreasing with height, we scale the wave amplitudes by \/ﬁiT_, where p; is the back-
ground density at the assumed initiation altitude of z = 14 km. The horizontal cross
sections are at 25 and 50 km and the vertical cross sections are at y = (. These reveal
a wave field that is dominated by only a few of the deepest and strongest plumes. The
major responses at 30 min have radii about their source plume of ~ 30 to 50 km at
25 km and ~ 50 to 100 km at 50 km. Smaller radii correspond to the waves having
the highest frequencies, smallest horizontal scales, and highest vertical group velocities,
while larger radii at this time are responses to plumes that occurred somewhat earlier
and were somewhat shallower, thus exciting lower-frequency waves.

The expanding wave fields observed at 60 and 90 min have two primary causes. The
initial motion fields excited directly by convection at each altitude exhibit an evolution
towards larger scales and larger radii, reflecting lower-frequency components of the wave
spectrum having smaller vertical group velocities and requiring longer times to propagate
to these altitudes. A second contributor to the later wave fields is that a portion of
the initial response propagates downward and reflects from the earth’s surface, thus
superposing higher- and lower-frequency wave motions that would otherwise occur in
different regions at different times. At 90 min, we see an emergence, especially at 50 km,
of a more coherent and larger-scale response at the outer edges of the convective wave
pattern that appears to be a merging of the faster responses to several of the stronger
sources.

Similar responses, but at greater altitudes, are displayed in Figure 6. Shown here are
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horizontal cross sections of vertical velocity and perturbation temperature at 90 km (left
and center panels, respectively) and vertical cross sections of vertical velocity extending
from 90 to 150 km at y = 0 (right panels). The panels are at ¢ = 30, 60, and 90
min from top to bottom. As in Figure 5, we scale the wave amplitudes by \/ETﬁ
As at lower altitudes, the largest horizontal scales appear first because they have the
largest associated vertical scales and vertical group velocities for the highest-frequency
waves. At later times, smaller-scale motions appear at the same radii, implying common
intrinsic frequencies but smaller vertical scales and vertical group velocities. Whereas
multiple sources are evident in the vertical velocities at 25 km at 60 and 90 min, the
cross sections at 90 km suggest only two dominant sources at early times, with other
lesser sources (having smaller spatial scales, thus exciting waves with smaller scales and
group velocities) having influences at later times. The vertical cross sections reveal that
the high-frequency, large-scale portion of the wave spectrum penetrates to very high
altitudes very quickly.

To understand which components of these wave fields account for the largest forc-
ing of the MLT, we display in Figure 7 a 2D spectrum of the gravity wave momentum
flux generated from our model of the MCC as a function of vertical wavelength and in-
trinsic frequency. This plot reveals a dominant contribution to the momentum flux at
wr ~ 0.35N, A, ~ 40 km, and A\, ~ 15 km, in line with expectations from our dis-
cussion above. Of these motions, those waves having the largest horizontal phase speeds
and vertical group velocities above the stratospheric and mesospheric shears have the
greatest potential for effects at the highest altitudes. Thus, the portion of the spectrum
shown in Figure 7 that contributes most at the highest altitudes depends sensitively on
the shear at lower altitudes, as discussed in Section 5.

Overall, the wave fields discussed above resemble closely those modeled by Piani et al.
(2000), Lane et al. (2001), and Horinouchi et al. (2002) and give us confidence that they
are a sufficiently good approximation to gravity waves excited by MCC convection for
our purposes in this paper. In particular, the scales and superposed patterns of the wave
fields arising from multiple sources appear in close agreement. They do differ, however,
in the degree of coherence of the wave fields at 90 km from the results of Horinouchi et

al. (2002), suggesting either a less organized character of the convection in the direct
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numerical simulation results or the influences of mean shear on wave propagation and
filtering that is not present in our results displayed in Figures 5 and 6. Our results
also do not account for the effects of wave instability. However, peak vertical velocities

exceeding ~ 15 m s~

and peak perturbation temperatures exceeding ~ 9 K at 90 km
at 60 min and beyond (in the absence of mean shear) imply wave amplitudes near the
convective instability limit for the wave scales and intrinsic frequencies at which they
occur. In reality, of course, gravity waves generated by convection will virtually always
encounter wind shear throughout the MLLT. Thus waves either having larger amplitudes
or experiencing decreasing intrinsic phase speeds will likely become unstable in the MLT.
But the larger amplitudes anticipated here to be important in the forcing of the ther-
mosphere are likely not overturning below the turbopause because they are associated
with larger vertical scales that have large phase speeds (as we will see in the following
section). And those waves encountering critical levels are removed from the spectrum
and play no role at higher altitudes. Due to the lack of evidence that turbulence plays
a dissipative role above the turbopause (at ~ 108 km altitude), saturation will probably
be unimportant above the turbopause and will therefore likely not affect the amplitudes
of the deepest waves with the highest phase speeds, as we argue in the following section.
Because we do not include saturation in our ray-tracing model, those waves that would
normally become unstable below the turbopause dissipate at altitudes below 150 km.
Because of the exponential growth of gravity wave momentum fluxes with altitude, this
higher deposition of momentum flux will not affect our results for waves that dissipate
at altitudes of 150-170 km (with our assumed thermospheric thermal structure), as we
shall see in the next section. We explore filtering of this gravity wave spectrum by a

mean wind shear below.
5. Gravity Wave Filtering and Thermospheric Effects

Gravity waves excited by MCC convection in the tropics encounter wind shears due to
the quasi-biennial oscillation (QBO) in the lower stratosphere, the semiannual oscillation
(SAO) near the stratopause and mesopause, various tidal and planetary wave structures
increasing in amplitude with altitude, and other equatorial and gravity wave motions

occurring on a wide range of scales. Thus, rather than specifying single or multiple
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wind fields that cannot span a reasonable set of representative cases, we consider the
implications of a single shear layer of representative magnitudes. These are specified as

a mean zonal wind of the form

S ZFD ms ', (43)

20
with Uy = —30 m s~' (Figures 8-15) or Uy = —60 m s~ ' (Figures 16-17), 2, = 30 km, and

U—%<1+tanh

20 = 5 km. Here, the mean wind decreases from zero to —30 m s~ ! for Uy = 30 m s~!
(or zero to —60 m s~! for Uy = —60 m s') between ~ 24 and 36 km. The mean
zonal wind for Uy = —30 m s~ ! is shown in Figure 8 as a dotted line. The evolution of

the MCC gravity wave spectrum in this environment is computed using our ray tracing

methodology described above in Section 2b.
a. Ray Paths in a Mean Shear

Ray paths computed for several representative wave scales and frequencies are shown
in Figure 8 to illustrate the diversity of ray paths that arise in response to wind shear
and increasing viscosity with altitude. Gravity waves propagating eastward acquire larger
intrinsic phase speeds, w;, = k(c, — U), and are refracted to larger vertical wavelengths
in passing through the zonal wind shear. For example, the eastward propagating gravity
wave represented by a solid line initially has A, = 103 km, A\, = 46 km, and ¢,, =
37 ms!. After passing through the shear, it has A\, = 103 km, A\, = 67 km, and
Cg» =49 m s~ ', Aslong as the eastward propagating wave’s frequency remains less than
N, the wave emerges above the shear layer with a larger vertical wavelength, a steeper
propagation angle, and a larger vertical group velocity (see the eastward propagating
gravity waves shown by solid, short dash, and dash-dot-dot-dot lines). If, on the other
hand, w;, > N above the shear layer, the ray path becomes vertical at the altitude at
which w;, = N and the wave reflects from this “turning level” in a loop and is trapped
at lower altitudes (see the eastward propagating wave shown by the dash-dot line).

Gravity waves propagating westward exhibit a decreasing intrinsic frequency upon
encountering the mean wind shear (because ¢, and U now have the same sign). If
¢y — U <0 (or |¢z| > |UJ), then the wave emerges above the shear layer with a reduced
intrinsic frequency, a smaller vertical wavelength, a shallower ray path, and a smaller

vertical group velocity (see the westward propagating gravity waves shown by solid and
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short dash lines). But if |¢,| < |U|, the wave encounters a critical level where w;, — 0, and
according to linear theory and numerical modeling results, it is dissipated and removed
from the wave spectrum (see the westward propagating gravity waves shown by dash-dot
and dash-dot-dot-dot lines).

Those eastward propagating gravity waves in Figure 8 that refract in the shear flow
but continue to propagate vertically at greater altitudes undergo further refraction to
somewhat smaller vertical wavelengths near their dissipation level, which occurs as a
result of the exponential increase in kinematic viscosity with increasing altitude. Ulti-
mately, dissipation causes each ray to reflect at this viscous “turning level”. However,
at this point, § ~ —1 and dissipation due to molecular viscosity is so strong that the
wave typically travels only a fraction of a scale height below this turning level before
the gravity wave loses essentially all of its momentum flux to the background flow. For
example, the eastward traveling gravity wave represented by the solid line in Figure 8
turns at z ~ 163 km, and dissipates completely by z ~ 156 km. This turning level
altitude is highly dependent on the wave scales. These features are shown in Figure 8,
along with the path a gravity wave would take if there were no kinematic viscosity (light,
long dashed line).

In Figure 9, we display the quantity ¢ for the eastward-propagating gravity wave
shown by the solid line in Figure 8. This quantity is approximately zero except within a
few scale heights below the turning level, where it decreases towards —1. After reaching
the turning level, § ~ —1 and remains at this value as the wave reflects and dissipates
rapidly below the turning level. We also show w/w’(z)exp((z — 2z0)/H)/u'w'(z) as a
function of time, the gravity wave altitude as a function of time, and the gravity wave
momentum flux deposited into the fluid as a function of altitude. For this wave, by
the time |d] is large (i.e., § ~ —0.5), the gravity wave has already lost ~ 65 % of its
momentum flux as compared to a wave that encounters no kinematic viscosity. This loss
is significant, and occurs by z ~ 162 km. The maximum momentum deposition occurs at
the turning level (z ~ 163 km). The entire wave dissipation process takes approximately
15 minutes. Note that the momentum fluxes (per unit mass) in the thermosphere are a

few times 10° times as large as the wave’s momentum fluxes at z; = 9 km.
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b. Differential Filtering and Body Forcing

Gravity wave refraction in the zonal wind shear at lower altitudes removes waves
from the spectrum penetrating to higher altitudes that encounter either turning levels
or critical levels within the shear layer, as discussed above. The waves that emerge
above the shear layer are refracted to higher or lower intrinsic frequencies, depending on
whether they propagate eastward or westward (for our choice of mean zonal wind). This
causes those waves propagating eastward to penetrate preferentially to higher altitudes
before they are dissipated. The result is dissipation of westward-propagating waves (and
small westward body forces, because of larger mean densities) at lower altitudes and later
times, and dissipation of eastward-propagating waves (and large eastward body forces,
because of smaller mean densities) at higher altitudes and earlier times. The altitude
profiles of momentum flux for the wave spectrum arising from each convective plume, for
the MCC as a whole, and the body forcing accompanying wave dissipation are displayed
in Figure 10. The body forcing shown in Figure 10c is calculated via

19(p v'w')

F =
’ p 0z

(44)

In this case, horizontal and temporal averaging are performed on the momentum fluxes
prior to calculating this vertical derivative. In order to generate this figure (and Fig-
ures 11-13), the gravity waves for each plume are assumed to be generated at the center
of each body force at the time when that body force is a maximum. This assumption
that a body force acts like a point source generator of gravity waves is motivated by
Figures 5-6. For Figures 10-13, the normalizing volume V' we use to calculate the ther-
mospheric momentum fluxes and forces is V' = 1000 km x 1000 km x 25 km in the z, v,
and z directions, respectively. Here, the horizontal scales are chosen from Figure 12 and
the vertical scale is chosen from Figure 10b. Each momentum flux profile is spread over a
few scale heights, while the total momentum flux profile is spread over ~ 3 scale heights.
Due to the point-particle assumption inherent when ray tracing, and to the deep vertical
wavelengths of the waves which lead to these thermospheric forcings, we expect the ther-
mospheric vertical profiles to be somewhat more spread in altitude than that depicted in
Figure 10. Thus, the profiles in Figure 10 are intended to represent the approximate cen-

ter of the distribution. Due to the exponentially increasing viscosity with altitude, these
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waves would likely not be able to penetrate much further in altitude. And because even
a scale height lower in altitude leads to a momentum flux amplitude reduction by e !,
we do not expect the momentum flux profile to extend very much lower in altitude than
that shown in Figure 10. For this shear profile, the momentum flux profile is maximum
at altitudes of z ~ 155 — 165 km, while the body force profile is maximum at some-
what higher altitudes of z ~ 155 — 170 km. We also show in Figure 10 the momentum
fluxes and resultant body forcings that arise from the deepest as well as the 5 deepest
convective plumes. It is observed that the 5 deepest plumes result in nearly all of the
momentum flux and resultant thermospheric body forces, while the deepest convective
plume contributes ~ 33% to the total momentum flux and thermospheric body forcing.

We show in Figure 11 the variations of the total deposited thermospheric momentum
flux arising from each plume source versus the width of the plume, the depth of the
plume, and the ratio of the depth to the width (a measure of the characteristic intrinsic
frequency of the plume wave spectrum). These results reveal the dominant responses to
be a consequence of deep, rather than steep, forcings, as these are the plumes having
the largest forcing amplitudes and exciting gravity waves with the largest vertical wave-
lengths. Again, the plume with the largest thermospheric response is also the deepest
plume, and the 5 deepest plumes create the 5 largest thermospheric responses.

The horizontal distribution of this deposited momentum flux is shown in Figure 12 at
z =161 km (a-c) and at z = 171 km (d-f) and at average times of £ = 1.1, 1.8, and 2.5 hr
after initiation of plume forcing (each representing a ~ 30-min average). The height,
z = 161 km, is the altitude of maximum deposited momentum. The thermospheric
response is fairly simple, in that the spatial distribution is similar to a Gaussian, with
total horizontal extent of 1000 km. The response turns on smoothly at ~ 1 hr, and lasts
for a few hours, with the spatial distribution varying little during that time. Note that
the gravity waves with [ ~ 0 contribute significantly to the thermospheric body forcings.

The main contributor to the total thermospheric response comes from the deepest
plume, as can be seen in Figure 12g-i at 2 = 161 km. The response from the deepest plume
has a similar spatial distribution as the total response. The total thermospheric response
is localized in time, occurring for a few hours, which is a few times longer than the

duration of the mesoscale convective complex. The thermospheric response to the deepest
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plume is approximately 30 minutes, which is approximately twice the duration of this
plume’s duration. These are indications, then, that only certain waves with similar group
velocities and frequencies escape filtering and dissipation at lower altitudes and deposit
their momentum at these high altitudes. For, if other waves with significantly smaller
group velocities were significantly involved at these altitudes, the thermospheric response
would be distributed over a longer period of time. The observation that the pattern size
and shape varies only slightly in time in Figure 12 also indicates that the response at
high altitudes depends less on the excited wave spectrum than on the characteristics of
those waves which survive filtering and dissipation and penetrate to these high altitudes.

The full horizontal width of the deepest plume is ~ 18 km, and the initial MCC area
is 100 km x 100 km, as shown by the dotted box centered at x = y = 0. Therefore,
the thermospheric response to this deepest plume is spread horizontally by an order of
magnitude, and is due to wave dispersion. This confirms the approximation we used for
ray tracing, that the convective plume sources of gravity waves could be considered to
be “point sources”.

Finally, we consider the large momentum deposited in the thermosphere from this

excitation mechanism. An average forcing in the thermosphere of 100 m s~' day ™' is

2 when spread over a scale height.

equivalent to an average momentum flux of 8 m? s~
Because the half-maximum of the total momentum fluxes shown in Figure 12b is ~
100 m?s~2, the ratio of the deposited momentum from this mechanism to the average
momentum flux is 100/8 ~ 13. This number may be somewhat lower if realistic wind
profiles are used, as more filtering would likely occur, leading to a reduced gravity wave
spectrum and smaller body forcings in the lower thermosphere. This ratio implies that the
thermospheric forcings are likely much larger than the daily averages. If this mechanism is
partly responsible for such a daily average, then thermospheric momentum flux divergence
must occur intermittently in time and in space, as is expected from the nature of MCCs.

The corresponding vertical profile of the total, induced body force is shown as a
function of time in Figure 13a. Horizontal averaging was performed on the momentum
fluxes prior to calculating the vertical derivative from Eq. (44). The thermospheric

response is positive and is confined vertically, with no significant response below 150 km

or above 170 km (with our assumption of thermospheric thermal structure). It is also
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confined temporally, with no significant response before t = 0.7 hours or after t = 3.5
hours. The peak is maximum at ¢ = 1.8 hrs and z = 163 km. The pattern size and
shape varies only slightly in time because the response at high altitudes depends less on
the initial MCC wave spectrum than on those waves with the characteristics needed to
survive filtering and dissipation and penetrate to high altitudes. Note, however, that the
momentum flux divergence that occurs at later times (i.e., ¢ = 2.5 to 3.5 hours) occurs
at somewhat lower altitudes and is due to somewhat slower waves. Figure 13b shows the
positive individual responses for the 5 deepest plumes. (The 5 deepest plumes are also
the 5 largest plumes in terms of the total, integrated momentum flux (see Figure 11b)).
The maximum of each body force distribution occurs at z ~ 163 — 165 km, which is a
few kilometers above the maximum momentum deposition altitude. Again, the deepest
plume contributes the most to the total deposited momentum. The times over which each
of these plumes caused a body forcing varies mostly because of the varying excitation
times. Subtracting the midpoint of the plume excitation time from the maximum forcing
time for each of these 5 plumes, we find that the excited gravity waves take approximately
~ 1.2 to 1.3 hours to propagate and dissipate in the thermosphere after their excitation.
Because the shear is just above the plumes, this implies approximate vertical group
velocities in the range ~ 32 — 35 m s~ ',

In order to understand the role that filtering, turning levels, and dissipation play
on the survival of gravity waves in our model, we show several spectra as a function of
altitude in Figure 14 for the [ = 0 gravity waves only. The upper, middle, and lower panels
show the gravity wave spectra at altitudes of 15 km (just above the excitation altitude
for the MCC gravity waves), 71 km (just above the shear and resulting filtering effects),
and at 161 km (at the maximum dissipation altitude), respectively. These gravity wave
spectra include only those waves with [ = 0, which was motivated by Figure 12 where
we observed that large thermospheric responses occurred for waves propagating parallel
to the background wind. In the top panel, we see that approximately equal amounts of
westward and eastward traveling gravity waves are present, with the maxima occurring
at A\, ~ 100 km and A, ~ 30 km for these | = 0 waves. The slight eastward-westward
asymmetry is due to the fact that nearby multiple body forces acting at similar times

create gravity wave fields that add and subtract coherently, producing an enhancement
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of positive over negative momentum flux, or vice versa (Vadas et al., 2003). Above the
shear, waves with vertical wavelengths less than approximately 20 km are removed, and
the spectral maximum shifts towards somewhat smaller horizontal wavelengths. At this
altitude, the spectrum peaks at w;,/N ~ 0.3 to 0.5 and A\, ~ 40 — 250 km. At the
maximum dissipation level (z = 161 km), the maximal vertical wavelengths are not
very different than their values above the shear. Due to filtering effects and viscous
dissipation, waves with horizontal wavelengths smaller than 45 km and larger than 250
km, and waves with vertical wavelengths less than ~ 25 km and greater than 65 km,
are no longer significant in the wave spectrum. The spectrum peaks at w;,/N ~ 0.25 to
0.35 and A\, ~ 90 — 160 km, implying intrinsic phase speeds of wy,/k ~ 70 — 180 m s~ '.
Because these phase speeds are much larger than the horizontal velocity perturbations
at z = 90 km depicted in Figure 6, these waves are not expected to saturate below the
turbopause. This confirms our assumption that saturation can be neglected for those
waves most important to the forcing of the lower thermosphere at the highest altitudes.

In Figure 15, we show the same gravity wave momentum flux spectrum as in Figure 14,
but as a function of the initial wave parameters k;,; and m;,; (i.e., at z = 13 km). The
gravity wave spectrum peaks at the highest altitude for waves with A, ;,; = 103 km and
Az ini = 46 km, yielding w;,; /N =~ 0.4. This is marked by an asterisk in each of the three
panels. This wave parameter occurs in the long-vertical-wavelength tail of the MCC
distribution (denoted by an asterisk in Figure 7). The cutoff in A, for values of 80 km
above the shear can be seen in this figure at small m;,;. This cutoff may have lowered the
peak vertical wavelength somewhat, although raising the cutoff vertical wavelength to 100
km has no significant effect on the thermospheric momentum flux and body force profiles.
Only gravity waves with initial wavelengths of A, ;,; ~ 50 — 200 km and A, ;,; ~ 25 — 65
km contribute to the thermospheric body forcing at z = 161 km for this assumed shear,
although larger vertical wavelengths (which cannot be studied here with our anelastic
assumption) may be important as well. These results are, in general, a function of the
shear and assumed MCC distribution.

We also display in Figure 15 those waves that are removed from the gravity wave
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spectrum due to critical levels, which occurs when
Wrr = Wy — kUz>50km < Oa (45)

where U,~50rm 1S the mean, background, zonal wind above 50 km in altitude and equals
—30 m s~ in Figures 14-15 (and equals —60 m s~' in Figures 16-17). We also display
those waves that are excluded due to turning levels at lower altitudes within the shear

layer, which occurs when

k2 N?
2 = — k- — <. 46
" (Wr - kUz>50km)2 4H2 B ( )

It is seen that critical level filtering does not significantly impact the westward propa-
gating waves in Figure 15, because the absolute value of the phase speeds are generally

larger than 30 m s~ '.

It is also seen that filtering from evanescence within the shear
layer does not significantly impact the eastward propagating waves because the back-
ground wind is not strong enough in this case (see Figure 17 in comparison); turning
levels within this shear only occur for those waves with very high frequencies, which are
not well represented in our model MCC spectrum.

In order to understand how the evolving gravity wave spectrum with altitude depends
on the background wind environment, we also ray trace the same [ = 0 gravity waves
through a background zonal wind given by Eq. (43) with Uy = —60 m s~'. The corre-
sponding momentum fluxes are displayed in Figures 16-17. Because the wind is much
larger here, the eastward propagating waves are refracted in the shear to larger vertical
wavelengths than for the waves in Figure 14. Therefore, it is no surprise that the surviv-
ing wave spectrum initially starts out at smaller frequencies, and that a good portion of
the higher-frequency, eastward-propagating gravity waves are eliminated by evanescence
and reflection within the stronger shear layer. Comparing Figures 15c¢ and 17¢, gravity
waves with initially smaller vertical wavelengths and frequencies survive the shear and
propagate to the highest altitudes for this stronger background wind. In this case, the
gravity waves that are responsible for the peak body forcing at z ~ 161 km are waves
with initial parameters of A, ;,,; ~ 103 km and A, ;,,; ~ 36 km (denoted by the triangle in
Figure 7). We also note that there is much more critical level filtering of the westward

propagating gravity waves, due to the fact that many of the westward propagating waves
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have phase speeds that are smaller in absolute magnitude than 60 m s'. It is important
to note that the gravity wave spectrum that survives and dissipates at z ~ 161 km for
both shears look very similar (compare Figures 14c and 16¢). This shows that viscous
dissipation in the lower thermosphere preferentially acts to filter all [ = 0 waves except
those with A\, ~ 40 — 250 km and A, >~ 25 — 65 km at the highest altitudes, although
waves with larger vertical wavelengths may also be important. The wave parameters and
frequencies of the gravity waves within the initial MCC spectrum that have the biggest
effect on the lower thermosphere, then, can be deduced by taking into account the fil-
tering from viscous dissipation (Figures 14c-16¢), and the refraction through intervening

shears.
c. Dissipation altitudes for realistic thermospheric temperatures

The isothermal temperature profile T = 250 K used in our ray-tracing simulations was
for illustration and is much smaller than the actual thermospheric temperatures (T > 550
K). The extreme minimum thermospheric temperature implies a density scale height of
~ 14 km, with even larger scale heights during solar maximum. Following Pitteway
and Hines (1963), the wave dissipation altitude depends on the local kinematic viscosity
rather than on the viscosity profile. (See also Vadas and Fritts, 2004). A larger density
scale height implies that at a given altitude, the kinematic viscosity, u/p, is smaller than
it would be in an isothermal atmosphere. If we take a simple example of the temperature
increasing from 250 K to 500 K at an altitude of 125 km, then the density decreases twice
as slowly (and the kinematic viscosity increases twice as slowly) in altitude above 125
km. Therefore, a gravity wave would propagate the same number of scale heights (thus
twice as high) above 125 km for this simple example than for this isothermal temperature
profile. We estimate that a wave that dissipates at 163 km in this isothermal atmosphere
would instead dissipate at 125 + 2(163 — 125) ~ 201 km with this simple step-function
temperature profile.

We obtain a better estimate by considering a realistic temperature profile. Figure 18a

shows an extreme minimum thermospheric temperature profile. Using dp/dz = —gp and
p=RpT,
P ( ! [ "9y ) (47)
— Ps X - =daz ),
P=Psexp RJo T
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p=7p/(RT),H = —p/(dp/dz), and N? = (g/0) df/dz. The solid line in Figure 18b shows
the altitude at which p for this extreme minimum temperature profile is equivalent to
p for this isothermal profile. The density (and therefore the kinematic viscosity) at 165
km in the isothermal profile is equivalent to that at ~ 200 km in the extreme minimum
temperature profile. In addition, the increase in temperature also leads to a decrease in
the buoyancy frequency, and therefore to larger vertical wavelengths and group velocities
which likely result in somewhat higher penetration altitudes. Thus, we expect that our
simulations underestimate the altitudes to which MCC gravity waves penetrate under
realistic thermospheric temperature profiles. We anticipate that the thermospheric body
forcings which result from the MCC gravity waves will likely be at altitudes of z ~ 200

km under extreme minimum temperature conditions, and higher during solar maximum.
d. Potential for ESF Seeding

Strong equatorial spread F (ESF) is a manifestation of a Rayleigh-Taylor instability
(RTI) of the F region of the ionosphere (or alternatively, positively buoyant plasma
bubbles) that may penetrate to ~ 1000 km altitude, exhibits variability on ~ daily to
solar-cycle time scales and is believed by some researchers to be triggered by gravity
waves. Three conditions appear to be required for gravity waves to participate effectively
in the seeding of ESF. These are 1) wave penetration to altitudes at which seeding can
occur, 2) sufficient wave amplitudes at seeding altitudes to trigger RTT and ESF on time
scales consistent with observed events, and 3) phase speeds that can yield the resonance
conditions suggested for successful coupling of wave and plasma processes (Hysell et al.,
1990; Huang and Kelley, 1996a, b). The first of these requirements appears to be satisfied
with waves penetrating to altitudes of ~ 200 km at the magnetic equator or lower altitudes
for magnetic latitudes up to ~ £20° (estimating the effect of increased thermospheric
temperatures on the dissipation altitude (see Section 5c¢)). The second condition is more
challenging to assess from ray-tracing results alone, as the cumulative momentum flux
for a single plume may be significant, but it is not yet clear how much of the wave
energy (and amplitude) accounting for this flux is confined to a single region. Much
of the momentum flux and wave activity for a deep, single plume is quite concentrated

spatially and temporally (see Figure 12g-i) with amplitudes that are likely sufficiently
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large. Finally, gravity wave intrinsic phase speeds are correlated with the vertical wave
scales at any altitude. These need to couple to horizontal plasma motions which move
relative to the neutral fluid at these altitudes. Nevertheless, there is again sufficient
variability in the gravity wave phase speeds and in the relative plasma-neutral motions,
with comparable magnitudes, to suggest that such resonance conditions will occur in

response to MCC gravity waves.
6. Summary and Conclusions

We have employed two models to examine the excitation of gravity waves by MCC
convection at equatorial latitudes and their propagation to, and possible influences in,
the mesosphere, thermosphere, and ionosphere. A linear model of the responses to local
body forces was employed to represent convective plumes and the spatial, temporal, and
spectral character of the gravity waves excited by them. A ray-tracing model was then
employed to propagate gravity waves comprising the spectrum through a mean wind
shear and into an increasingly dissipative thermosphere.

The body force model specified convective plumes on spatial and temporal scales
consistent with such plumes described in explicit models of tropical convection (Piani
et al., 2000; Lane et al., 2001). The model was first used to assess the effects of single
and multiple plumes and plume spacing on the scales and frequencies of gravity waves
excited in this manner. Results for a single plume revealed a tendency for vertical motions
to excite gravity waves having higher frequencies and smaller horizontal scales than a
horizontal body forcing having the same geometry. High-frequency gravity waves are
preferentially excited by deep, strong plumes of limited horizontal extent.

Results for multiple plumes revealed that closely spaced coherent plumes (with sep-
arations less than ~ 2 plume diameters) lead to enhanced excitation of larger horizontal
scales than arise from a single plume. Plume spacings of ~ 2 plume diameters or larger,
however, yield only a weak enhancement of waves at larger horizontal scales and a domi-
nant peak near that for a single plume. This fact was used to justify describing the field
of gravity waves arising from a collection of convective plumes as the superposition of the
wave fields arising from each plume individually, provided the spacings between strong

and deep plumes are sufficiently large.
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Ray tracing of components of the gravity wave spectrum arising from convective
plumes through a mean wind shear reveals that penetration to high altitudes is preferred
for waves refracting to 1) high intrinsic frequencies of order w;, /N ~ 0.3 to 0.6, and 2)
large vertical wavelengths of order A\, ~ 25 — 65 km. Gravity waves with even larger
vertical wavelengths may also be important, although we were unable to simulate them
due to limitations of our Boussinesq body force model and anelastic ray-trace model.
These waves dissipated at ~ 150 —170 km (with our assumption of an isothermal thermal
structure). Due to wave dispersion, the thermospheric response was spread spatially by an
order of magnitude in each horizontal direction from the MCC, leading to instantaneous
forcings of order (1000 km)? x 25 km. The thermospheric response was found to occur
from ~ 0.7 to 3.5 hours after initiation of convective excitation, with individual responses
from plumes lasting approximately 30 minutes. The largest thermospheric responses were
found to occur for the deepest plumes. Variable winds were found to impose significant
anisotropy on the surviving gravity waves, causing large net momentum fluxes and flux
divergence well into the thermosphere.

Increasing the background wind at lower altitudes had the effect of filtering those
waves with higher frequencies and group velocities via evanescence and reflection within
the shear layer. This increased refraction had the effect of greatly increasing the fre-
quency and group velocity of those waves with initially smaller frequencies and group
velocities. Thus, the portion of the MCC gravity wave spectrum that survived the winds
and dissipated at the highest altitudes depended on the background wind environment
through which it passed in our model studies. We also found that for background winds
of 30 m s~ ! and 60 m s~!, viscous dissipation in the lower thermosphere preferentially
acted to filter out all waves but those with A\, ~ 40 — 250 km and A\, ~ 25 — 65 km at
the highest altitudes. Larger vertical wavelength waves may also be important, although
we are limited to gravity waves with A\, < 47H ~ 88 km in this study.

These results were obtained assuming an isothermal temperature structure through-
out the atmosphere of T = 250 K. However, the lower thermospheric temperature is at
least T = 500 K, depending on solar conditions. This results in a gravity wave pene-
tration altitude that is significantly higher than that calculated here (Vadas and Fritts,

2004), and is estimated to be ~200 km under extreme minimum temperature conditions,
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and higher during solar maximum.

Gravity waves excited by MCCs and having sufficiently large vertical wavelengths and
group velocities above the shears at lower altitudes can thus penetrate to altitudes at
which seeding of RTT and ESF is believed to occur when we include larger thermospheric
temperature effects. Our results further suggest that wave amplitudes may be sufficiently
large for such seeding and that, at least on occasion, wave phase speeds and plasma drifts
are sufficiently aligned to satisfy the spatial resonance conditions believed to be required

for the seeding of ESF.
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Figure Captions

Figure 1. Frequency (left) and horizontal (middle) and vertical (right) wavenumber spec-
tra of horizontal (solid) and vertical (dash) winds for horizontal (top) and vertical (bot-
tom) body forcing in variance content form following cessation of forcing. Other body
force parameters were ug = 100 ms™ ! (a-c), wy = 100 ms™! (d-f), Dy = 10 km, D, = 5 km,
f =0, and o; = 27,. The vertical dotted line in each panel indicates the characteristic

frequency or scale (i.e., 2Dy, 2D,) of the source.

Figure 2. Frequency (left) and zonal wavenumber (right) spectra of zonal wind in variance
content form evaluated at the cessation of forcing for three vertical body forces spaced by
0 (solid), 1 (dash), 2 (dash-dot), and 3 Dy (dash-dot-dot-dot lines) in the zonal direction.
Each body force has Dy = Dy = 10 km, D, = 5 km, and 0; = 27.. The amplitude of the

collocated forcing is reduced by 3 because the spectral response is quadratic in amplitude.

Figure 3. Cross sections of the maximum positive vertical velocities in a horizontal plane
at z = 13 km (left) and in a vertical plane evaluated for all y (middle). The contour lines

show 0.5 ms™!

intervals. The right panel displays the maximum vertical velocities as a
function of the body force depths. The dashed box in the left panel shows the region

enclosing the plume centers.

Figure 4. Instantaneous vertical velocities in a horizontal plane at 13 km at 10 (a), 25
(b), 40 (c), and 55 min (d) during the period of convective excitation. The contour lines

1

show 0.5 ms™! intervals, with solid (dashed) lines denoting positive (negative) vertical

velocities. As in Figure 3, the dashed box shows the region enclosing the plume centers.

Figure 5. Horizontal (left and center) and vertical (right) cross sections of vertical velocity
showing wave fields arising from simulated convective plumes at 30 (top), 60 (middle),
and 90 min (bottom) after initiation of convective excitation. The left and center hor-
izontal cross sections are at altitudes of 25 and 50 km, and the vertical (z,z) cross
sections are at y = 0. The broader wave fields seen at lower altitudes at later times are
due both to the shallower propagation of lower-frequency waves having smaller vertical
group velocities and to reflections from the earth’s surface of waves excited earlier and

propagating downward initially. Maximum vertical velocities (scaled by +/p,/p) at 25 and
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50 km are 0.86 and 1.2 m s~ ' at 0.5 hr, 1.5 and 22 m s~ ' at 1 hr, and 1.3 and 3.3 m
s' at 1.5 hr. Here, p; is the background density at the initiation altitude of z = 14 km.
The vertical cross sections (right) show vertical velocities in the Boussinesq model. This
can be thought of as the actual velocities weighted by \/% to offset the exponential

increase in wave amplitudes arising from density decreases with altitude.

Figure 6. As in Figure 5, but with horizontal cross sections of vertical velocity and pertur-
bation temperature (left and center, respectively) at 90 km and vertical cross sections of
vertical velocity from 90 to 150 km at y = 0 (right). Maximum vertical velocities (scaled
by \/ﬁ,%) are 3.5, 15, and 22 ms™! and maximum temperature perturbations (scaled by

7:/P) are 2.1, 8.6, and 16 K, respectively. For reference, the maximum zonal velocities

(scaled by \/p;/p) are 3.6, 11, and 21 ms™! (not shown).

Figure 7. Vertical flux of zonal momentum in flux content form as a function of verti-
cal wavelength and wy,./N for a single quadrant of wave propagation (i.e. upward and
eastward, northward and southward) for all plume forcings (solid lines). Thick dashed
lines indicate ¢4, in ms'; light dash lines indicate ¢, when [ = 0 in ms~!. The maximum
response occurs at a frequency of wy, ~ 0.35N and a vertical wavelength of A\, ~ 15 km.
The asterisk shows those waves with A\, = 103 km, [ = 0, and A\, = 46 km. The triangle
shows those waves with A\, = 103 km, [ = 0, and A\, = 36 km.

Figure 8. Representative ray paths in the assumed mean zonal shear (dotted line) for
two waves having k = £27/103 km ', m = —27/46 km ™', ¢,, =37 m s ', and ¢, =
+121 m s~ (solid lines). Ray paths for two waves having k¥ = +27/45 km~', m =

—2r/15km™", ¢;, =13 m s !, and ¢, = £45 m s™' (short dash lines). Ray paths for two

1 1

waves having £ = £27/10 km ', m = 27/1 km ', ¢, =03 ms ', and ¢, = £3 m s~
(dash-dot lines). Ray paths for two waves having k = +27/20 km~', m = —27/2 km ™',
Cg. = 0.6 m s, and ¢, = 6 m s~ (dash-dot-dot-dot lines). For reference, a ray path
is shown for one wave having k¥ = 27/103 km~" and m = —27/46 km ™' but with v = 0
(light, long dash line). All waves originate at z = 9 km and ¢ = 17 min. Note the critical
level response within the shear layer for the waves propagating westward with small

phase speeds, and the refraction to higher and lower intrinsic frequencies of the waves

transmitted through the shear layer and propagating to higher altitudes.
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Figure 9. For the eastward propagating gravity wave represented by the solid line in Figure
8, we show 4 as a function of time (solid line, using the left axis scale), u'w’/u'w’(2)

exp(—(z — 2z0)/H) of the wave as a function of time (dash line, using the left axis scale),
the altitude of the gravity wave as a function of time (dash-dot line, using the right axis
scale), and the amount of momentum flux deposited into the background fluid divided
by the gravity wave momentum flux at zo = 9 km as a function of the altitude z (dotted

line, using the top and right axis scales).

Figure 10. Vertical profiles of momentum flux for all individual plumes as solid lines
(a), for the sum of all plumes as a solid line (b), and the body force arising from the
dissipation of gravity waves from all plumes as a solid line (c¢). Also included in (b) and
(c) are the distributions for the sum of the 5 deepest plumes only (dot lines), and the
distributions for the deepest plume only (dash lines). All profiles are summed horizontally

and temporally.

Figure 11. Total deposited momentum flux for each plume as functions of plume full
width (a), plume full depth (b), and ratio of plume depth to width (¢). Note that the
momentum flux correlates best with plume depth because the forcings with the greater

depths are stronger and can excite deeper wavelength gravity waves.

Figure 12. Horizontal cross sections of the total momentum flux in 2 km altitude bins
deposited at 161 km (a-c) and at 171 km (d-f) averaged over ~ 30-min bins centered
at 1.1 hr (a, d, g), 1.8 hr (b, e, h), and 2.5 hr (c, f, i). The momentum flux deposited
by only the deepest plume is shown at these averaged times in (g-i) at 161 km. The

maxima values in rows 1, 2 and 3 are ~ 200 m?s7 2, ~ 8 x 107° m?s~ 2, and ~ 80 m?s 2,

respectively. The scaling values in rows 1 and 2 are the maxima values for each row. The
scaling value in row 3 is ~ 200 m?s~2. Contours are 10% of the scaling value. The dotted

boxes show the size of the MCC region.

Figure 13. a) Vertical distribution of horizontally-integrated induced thermospheric body
forces at +10% intervals of the maximum value of 1.5 m s72 (solid lines). The shaded area
depicts momentum fluxes greater than 50% of this maximum value. Negative values are

less than 10% of this maximum value. The peak deposition occurs from ~ 1 to 3 hr. b) A
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close-up image showing the composition of the contributions to a). The shading indicates
the total body force for positive values greater than 10% of the maximum value. The
solid, dot, dash, dash-dot, and dash-dot-dot-dot lines indicate the positive portion of the
induced body forces for the 5 deepest convective plumes, respectively, normalized by the

same maximum.

Figure 14. Gravity wave momentum fluxes as a function of the horizontal and vertical
wavenumbers at differing altitudes for Uy = —30 m s™! (shading). The initial spectrum of
gravity waves (shown in Figure 7) is released at = 0, y = 0, 2 = 13 km, and ¢t = 0.5 hrs,
and includes only the initially upward-propagating waves with [ = 0. Altitudes shown
are a) z = 15 km, b) z = 71 km, and ¢) z = 161 km. The gravity wave spectrum at each
altitude includes contributions from the gravity waves as they propagate upwards. Each
wave is integrated out to t = 50 hrs, unless it encounters a critical level, reflects at z = 0,
or dissipates. Solid lines of constant intrinsic frequency, w;,, divided by the buoyancy

frequency, N, are shown in intervals of 0.1 (solid lines).

Figure 15. Same as in Figure 14, but as a function of the initial MCC horizontal and
vertical wavenumbers. (The initial wavenumbers are those a gravity wave has when gen-
erated at x = 0, y = 0, 2 = 13 km and ¢ = 0.5 hrs.) The asterisk shows those waves
with Ay ;ni = 103 km and A, ;,; = 46 km. Solid lines of frequency with respect to the
ground frame of reference, w,, divided by N are shown in intervals of 0.1. We also show
the absolute value of the horizontal phase speed with respect to the ground frame of
reference via dash-dot lines at |c,| = [30, 60, 100, 150] m s~!. The waves eliminated by
critical levels are shown as filled-in dash lines in the lower left corners of each panel (see
Eq. (45)). The waves eliminated by evanescence in the shear layer are shown as filled-in

dotted lines in the upper right corners of each panel (see Eq. (46)).

Figure 16. Same as in Figure 14, but for a background wind with Uy = —60 m s~'. Here,

the background zonal wind decreases from 0 to —60 m s~' between ~ 24 and 36 km.

Figure 17. Same as in Figure 15, but for a background wind with Uy = —60 m s~'. The

asterisk show those waves with A, ;n; = 103 km and A, ;,,; = 36 km.

Figure 18. a) Extreme minimum thermospheric temperature profile (solid line). Dot-
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ted line is the isothermal temperature profile used for the simulations in this paper. b)
The altitude of equivalent density for the temperature profiles in a) as compared to the
isothermal temperature profile. The solid line shows the altitude of the equivalent density

of the extreme minimum temperature profile as compared to the isothermal temperature

profile.
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