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Abstract We model the primary gravity waves (GWs) excited by overshooting con-
vective plumes in a 20o×20o region in central Brazil for 6 hours during the evening
on 01 October, 2005. We ray trace these GWs into the thermosphere. Atz = 250 km
(near the bottomside of the F layer), the surviving GWs have horizontal wavelengths
of λH ∼ 200−300 km, horizontal velocity amplitudes ofu′,v′ ≤ 15 m/s, and neutral
density perturbations ofρ ′/ρ ≤ 2%. We compute the thermospheric body forces,
and input them into the Thermosphere-Ionosphere-Mesosphere-Electrodynamics
General Circulation Model (TIME-GCM). These forces createa “mean” eastward
wind perturbation atz ∼ 150 km of 200−340 m/s which lasts for∼ 3 hrs. These
forces also excite large-scale secondary GWs in all directions for at least 3 hours
with horizontal wavelengths ofλH ∼ 4000−5000 km, horizontal phase speeds of
cH ∼ 500−600 m/s, and density perturbations of 5-15% atz = 250 km. Prior to and
after sunset, the wind perturbations are eastward withu′ ∼ 75−150 m/s atz = 250
km. This occurs over the convective region, where the winds from 2 large vortices
(created by the forces) converge. In other areas, the winds are west/south/northward.
It is likely that these forces (and the GWs they excite) significantly affect the F re-
gion dynamo and the seeding of equatorial plasma bubbles (EPBs).

1 Introduction

GWs have been observed in the thermosphere for decades as TIDs (traveling iono-
spheric disturbances) [1, 2, 3, 4]. From observations and modeling, it has been
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thought that large-scale, fast GWs are created from the aurora [1, 5, 6], while
medium scale GWs withcH < 250 m s−1 are created in the lower atmosphere
[7, 8, 9, 10]. GWs excited by convection are frequently observed in the strato-
sphere (e.g., [11, 12]). If the winds are small, these GWs appear as concentric
rings in airglow layers near the mesopause, a stunning confirmation of their source
[13, 14, 15, 16]. These patterns can last for hours, withλH ∼ 20−150 km. Near
the equator, tropical convection is the most important source of GWs which can
propagate into the thermosphere.

Although models show that convective “primary” GWs can propagate to the
upper mesosphere and break [17, 18], some convective GWs with large verti-
cal wavelengthsλz and initially small amplitudes can propagate into the thermo-
sphere [19, 20]. Primary GWs withλH ≥ 100 km andcH ≥ 200 m/s can prop-
agate toz = 200− 300 km before dissipating [20]. Less energetic GWs dissipate
at z ∼ 110− 220 km, creating horizontal thermospheric body forces [19,21]. A
single convective plume creates an acceleration of∼ 1m/s2 and “mean” winds of
∼ 400 m/s atz∼ 180 km, and excites large-scale “secondary” GWs withλH ∼ 2200
km andcH ∼ 500 m/s which propagate up to at leastz ∼ 420 km [21]. A recent
ray trace study showed that the TIDs observed at the bottomside of the F layer near
Wallops Island, USA (75.47o W and 37.95o N) were secondary GWs excited by the
thermospheric body forces created by deep convection in Tropical Storm Noel [22].

Models show that GWs at the bottomside of the F layer can seed equatorial spread
F (ESF) and EPBs through the Rayleigh-Taylor (RT) instability [23, 24, 25]. Radar
results have correlated wave structure in the bottomside ionosphere with the sep-
arations of plumes that develop thereafter [26, 27]. One study found wavelengths
of 200-400 km [28]. Another study showed a linear relationship between the wave-
lengths of the GWs observed near the mesopause with EPB spacings [29]. [30]
found a median spacing of∼ 380 km for periodic equatorial irregularities. A recent
study found that the spacings between multiple, periodic EPBs (100 to 800 km)
agreed well with the spectrum of secondary GWs from the Wallops Island study
[31].

At the dip (magnetic) equator, GW seeding altitudes arez = 200−300 km. These
altitudes can be lower farther from the dip equator where thefield lines are lower, if
electric field perturbations are created by the GWs which then map to the magnetic
equator and create the RT instability [32]. GW perturbations must be aligned with
the magnetic field in order for the field-integrated perturbations to be sufficiently
large [33]. When ESF occurs, it is nearly always observed after sunset, when the
ionosphere descends. During this descent, spatial resonance can occur with approx-
imately eastward propagating GWs, since plasma drifts in the eastward direction
[34]. An eastward neutral wind is required to drive the F layer dynamo which creates
the pre-sunset prereversal enhancement electric field (PRE)/vertical drift [35, 36],
although a recent study questions the need for a strong PRE ingenerating ESF [37].

Although [21] calculated the primary and secondary GWs thatresult from a sin-
gle convective plume, convection generally lasts for hoursand involves tens to hun-
dreds of plumes. The purpose of this paper is to calculate theprimary and secondary
GWs near the bottomside of the F layer that result from 6 hoursof deep convection.
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2 Primary GWs from Convective Overshoot

Convective sources of gravity waves can be described equivalently as heating or
momentum sources, as these sources are coupled through the vertical momentum
equation. Many linear models of GW excitation from convection have been devel-
oped [38, 39, 40, 41, 42]. Here, we use an analytic, linear, Boussinesq model which
describes the excitation of GWs from a convective plume envelope with diameter
DH via an upward acceleration of air [43]. This model neglects moisture processes,
and assumes that the air above the tropopause is stationary within the frame of the
mean horizontal wind at the tropopause until a convective plume overshoots the
tropopause and pushes the stratospheric air upwards. It solves the linear solutions in
a locally unsheared environment with a constant buoyancy frequency.

GOES-12 satellite images covering 45−65o W and 0−20o S in central Brazil
were available every 30 minutes during the 6 hour period from18:22-23:53 UT on
01 October 2005 (e.g. [44]). Since the local time (LT) is LT=UT-3 hrs, this includes
sunset at∼ 2230 UT. Deep convection peaked at 19-22 UT, and weakened rapidly
after 23 UT. Using balloon soundings, the tropopause temperature was determined
to be∼ 209oK. All plumes cooler than this temperature likely underwentconvective
overshoot (i.e., punched into the stratosphere where the temperature increases), and
therefore were identified as generating GWs. 136 convectiveobjects are identified;
each is classified as a single convective plume, a convectivecluster containing 2 or
more tightly-clumped convective plumes, or a convective complex with 2 or more

Fig. 1 Primary GW density perturbations,ρ ′/ρ, at z = 250 km from ray tracing. a)-f): 1945,
2005, 2025, 2055, 2125, and 2155 UT, respectively. Maximum positive (negative) values are white
(black). The maximum values of|ρ ′/ρ | are (a-c): 2, 2, and 1%. (d-f): 2, 2, and 0.3%.
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less-tightly-clumped convective plumes. The average plume diameter in each object
ranges fromDH = 5 to 20 km. The plume updraft velocities,wpl, are estimated
from Convective Available Potential Energy (CAPE) maps, and range fromwpl ≃ 0
to 63 m/s. Because the primary and secondary GW amplitudes are proportional to
wpl andwpl

2, respectively, we only simulate those objects withwpl ≥ 10 m/s here.
Examples of primary GW spectra excited by plumes and clusters are shown in [44].
Complexes are defined as 4 plumes at the corners of a square, with adjacent plume
centers separated by 4.5DH .

The primary GWs are ray traced into the upper atmosphere using an anelas-
tic GW formulation [45]. The wind and temperatures are determined from balloon
soundings, meteor winds, and the TIME-GCM [44]. The GW parameters are saved
in a 4D box with grid spacings of 50 km×50 km×4 km×10 min in x, y, z, and
t. The GW fields (such as the velocity perturbations(u′,v′,w′) and density per-
turbationsρ ′) are then reconstructed [43]. We now also include the effects of pa-
rameterized wave breaking from self and wave-wave interactions via the use of
Lindzen’s saturation condition [46], as these effects are now known to be impor-
tant in the thermosphere for large-amplitude waves [47, 48]. Without this effect,
the non-dimensional wave amplitudes in this study would have been unrealistically
large,∼ 5−20, because of the multiple clusters with large updraft velocities that
occurred on this day. Including this effect decreases the altitude where the thermo-
spheric body forces are maximum. We include this effect by ray tracing the GWs
from each convective object, reconstructing the GW solution, and calculating the
sum of the non-dimensional amplitude squared,A2, in each (x,y,z,t) bin from all
convective objects. We then run the ray trace model for all convective objects again,
and reduce the amplitude of each GW which enters a bin withA > 1 to ensure that
A = 1 [49]. This also has the effect of altering the background flow via the deposition
of momentum.

Fig. 2 Vector plot of the pri-
mary GW horizontal velocity
perturbations at 1945 UT and
z = 250 km from ray tracing.
The maximum values of|u′|,
|v′|, and|w′| on this slice are
14, 7, and 12 m/s, respec-
tively, whereu′, v′, andw′

denote the GW zonal, merid-
ional and vertical velocity
perturbations in geographic
coordinates.
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Fig. 1 shows the primary GW density perturbations atz = 250 km,ρ ′, divided
by the neutral background densityρ . Lines of propagating GWs are seen. This is in
contrast toz = 150 km, which shows mostly partial concentric rings (not shown).
This difference occurs because of wind and dissipative filtering. The GWs propagate
in a direction perpendicular to the phase lines, which in general is east and south-
eastward. A GW’s horizontal wavelength,λH , is the perpendicular distance between
the white (or black) contour lines. From 1945 to 2155 UT,λH decreases from∼ 300
to 200 km.

The horizontal velocity perturbations of the primary GWs are shown at 1945
UT and z = 250 km in Fig. 2. The horizontal and vertical velocity perturbations,
(u′,v′,w′), are as large as 10−15 m/s. These values are typical of other times. Note
that w′ is comparable tou′,v′ because the primary GW intrinsic frequency,ωIr, is
nearly equal to the buoyancy frequency.

3 Thermospheric Body Forces from Primary GW Dissipation

We determine the body forces which accompany primary GW dissipation and/or
saturation in the thermosphere by computing the vertical divergences of the zonal
and meridional momentum fluxes (per unit mass). The zonal andmeridional com-
ponents of the body force in geographic coordinates are

Fig. 3 a)-f): Vector plot ofFx andFy from Eq. (1) (calculated from the ray trace solutions) every
30 minutes from 1855 to 2125 UT atz = 152 km. All panels are normalized by the same factor.
The largest forces areFx = 0.68 m/s2 andFy = 0.83 m/s2 in b).
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Fx = −
1
ρ

∂ (ρ u′w′∗)

∂ z
, Fy = −

1
ρ

∂ (ρ v′w′∗)

∂ z
, (1)

respectively [50]. Here, overlines denote averages over 1-2 wave periods and wave-
lengths, and∗ denotes the complex conjugate. If the GWs are not dissipating or
saturating,(ρ u′w′∗) and(ρ v′w′∗) are constant with altitude, so thatFx = Fy = 0.

Because the TIME-GCM includes a GW parameterization schemeup toz = 120
km, we smoothly zero our body forces below 120 km in order to avoid double count-
ing the GW effects. We choose a smoothing range ofδ = 20 km. For altitudes below
zi = 100 km, we set the body forces equal to zero. For altitudes betweenzi andzi +δ ,
we multiply the body forces by

1−cos2 [π(z− zi)/(2δ )] . (2)

We find that the largest value ofFx is eastward,Fx = 0.83 m/s2, and occurs at
60oW, 12oS, z = 152 km, and 1915 UT. The largest value ofFy is southward,
Fy = −0.89 m/s2, and occurs at 53oW, 20oS, z = 164 km, and 1925 UT. These ac-
celerations are consistent with previous results from a single convective plume [21].
However, the altitude of the thermospheric body force is lower here by∼ 30−40
km because of wave saturation.

Fig. 3 shows horizontal slices of(Fx,Fy) at z = 150 km. The strongest acceler-
ations last for only 2 hours, from 19 to 21 UT, and are east, north, and southward.
The accelerations are patchy and variable because of constructive and destructive
interference between GWs from different convective objects. They have partial ring
shapes because the GW phase lines are partial rings at this altitude.

GWs moving against the background wind propagate to higher altitudes in the
thermosphere [51]. Those primary GWs which dissipate atz = 150 km are prop-
agating in a direction which is opposite to the background wind direction 1 to 2
neutral density scale heights belowz = 150 km (i.e., atz ∼ 120−130 km) [21]. The
dominant winds which filter the GWs in the lower thermosphereare semidiurnal
and diurnal tides, which change on time scales of 6-12 hours.This is why the body
forces in Fig. 3 are directed in a similar direction from 19 to21 UT.

4 Generated Neutral Mean Winds and Secondary Gravity Waves

Thermospheric body forces excite secondary GWs and create “mean” neutral winds
[21, 52, 53]. Because the spatial variability of the forces in Fig. 3 are 1− 5o, we
expect the secondary GWs to have horizontal wavelengths ofλH ∼ 100−5000 km,
with a peak atλH ∼ 200−500 km. (Note that the secondary GWs at the bottomside
of the F layer in the Wallops Island study hadλH ∼ 100− 2000 km, and peaked
at λH ∼ 100− 300 km [22].) We insertFx andFy from Eq. (1) (as a function of
x,y,z,t) into the high resolution TIME-GCM. Because of the 2.5o horizontal grid
spacing of this model, however, GWs withλH < 2000 km are not resolvable [21].
We calculate the difference between this “perturbed” solution and the “unperturbed”



Neutral Winds and Densities at the Bottomside of the F layer from Gravity Waves 7

high resolution TIME-GCM solution (i.e., with no thermospheric body forces). We
show the perturbed minus the unperturbed TIME-GCM solutions in Figs. 4-6.

Fig. 4 shows the neutral density perturbations of the excited secondary GWs
that are resolved by the TIME-GCM (i.e., havingλH ≥ 2000 km) atz = 250 km.
There is a density decrease of 8-12% over central and westernBrazil which moves
southward in time. There is also a density enhancement of 7-9% over eastern Brazil
which moves southeastward in time. These occur because 1) a density decrease is
created near the back-half of a body force atz ∼ 150 km as fluid is pushed away
from this region, and 2) a density enhancement is created near the front-half of a
body force as fluid is pushed into a region containing existing fluid. The density
perturbation amplitudes are smaller after 24 UT because thebody forces are weaker
then (see Fig. 3). Co-aligned with the density enhancement is a density decrease
(nearer to the south pole) which also moves southeastward intime. These constitute
the± phases of an excited large-scale secondary GW withcH ∼ 500−600 m/s and
λH ∼ 4000−5000 km. There are also large-scale secondary GWs which movenorth

Fig. 4 Neutral density perturbations of the secondary GWs atz = 250 km from the TIME-GCM.
(a-c) show 2230, 2330, and 2430 UT, respectively. Green (purple) colors show negative (positive)
perturbations. Minimum and maximum perturbation amplitudes are a): -10 and 7%. b): -12 and
9%. c): -8 and 7%. The latitude and longitude lines on Earth are separated by 20o.

Fig. 5 Neutral zonal velocity perturbations at 14o S from the TIME-GCM. (a-c) show 2230, 2330,
and 2430 UT, respectively. Green (purple) colors show negative (positive) perturbations. Minimum
and maximum amplitudes are a): -85 and 340 m/s. b): -70 and 280 m/s. c): -60 and 185 m/s.
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and westward in time, although their amplitudes are significantly smaller than the
southeastward GWs before 24 UT.

The result that the westward and northward GWs have significantly smaller am-
plitudes before 24 UT differs from previous results; [21] found that the secondary
GWs have similar amplitudes in and opposite to the force direction. If the back-
ground winds are small, secondary GWs excited by horizontalbody forces have
equal amplitudes in and against the force direction (for thesame intrinsic frequency
ωIr) in the intrinsic reference frame [53, 54]. In [21], the “mean” winds and sec-
ondary GWs were created at the same time. Therefore, the background winds were
relatively small at the excitation time. This is not the caseprior to 24 UT here. Fig. 5
shows the zonal wind perturbations (induced “mean” plus secondary GWs) at 14o

S. The induced zonal mean wind is eastward fromz ∼ 130 to 230 km over a zonal
extent of∼ 2000 km, with a maximum value of∼ 340 m/s at 2230 UT. There is
also a large southward “mean” component (not shown). Therefore, before 24 UT,
the secondary GWs are excited in a large southeastward wind created by previous
thermospheric body forces. Because deep convection weakens rapidly after 2300
UT, the induced mean winds from the forces are weak after 24 UT(see Fig. 5).

We now discuss the influence of the background wind on the secondary GW
amplitudes atz = 250 km. The ground based frequency (ωr) of a GW is

ωr = ωIr + kU + lV, (3)

whereU andV are the zonal and meridional background winds (which include the
tides and the mean winds induced by the body forces), and(k, l,m) is the wavevec-
tor. We consider an eastward body force. If the background wind is eastward at the
excitation altitude,ωr is larger (smaller) in the forcing region for secondary GWs

Fig. 6 Horizontal velocity perturbations of the secondary GWs atz = 250 km from the TIME-
GCM. a): 2130 UT. b): 2430 UT. Max perturbation amplitudes are a): 75 m/s. b): 150 m/s. The
latitude and longitude lines on Earth are separated by 20o.
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(with the sameωIr) propagating eastward (westward). These east and westward
GWs have the same initial amplitudes. Above the forcing region (atz ≥ 200 km),
U andV are much smaller, because the induced mean winds are small. Sinceωr is
approximately constant along a GW’s ray path,ωIr is therefore larger (smaller) at
z ≥ 200 km for the secondary GW propagating east (west), using Eq. (3). From the
dispersion relation,λz is larger (smaller) for a GW with a larger (smaller)ωIr. Since
a GW with smaller (larger)λz andωIr dissipate at a lower (higher) altitude [20], the
eastward GW amplitude is larger than the westward GW amplitude atz = 250 km
prior to 24 UT. After 24 UT, the background wind atz = 150 km is much smaller
because the body forces are weaker (see Fig. 3). This causesωr to be approximately
equal for these same secondary GWs, causing their amplitudes to be nearly the same
at z = 250 km since they are dissipating similarly with altitude.

Fig. 5 also shows that some secondary GWs propagate up to at leastz ∼ 410−
450 km. Additionally, the amplitude difference between theeastward and westward
secondary GWs prior to 24 UT does not occur at 2430 UT, in agreement with Fig. 4.

Fig. 6 shows the horizontal velocity perturbations atz = 250 km prior to and
after sunset. At this altitude, the “mean” wind created by the body forces is small
(see Fig. 5). Therefore, these are primarily secondary GWs perturbations. 2 large
vortices swirl the neutral fluid in opposite directions above the convective region.
Persistent east and southeastward motions ofu′ ∼ 75−150 m/s occur where these
vortices converge. The perturbations last for at least 3 hrsbecause convection occurs
for ∼ 4 hours this night; as secondary GWs propagate upward from the forces, new
secondary GWs are excited. These horizontal velocity perturbations are much larger
than that of the primary GWs at this altitude (see Fig. 2).

5 Conclusions

In this paper, we calculated the primary GWs excited by 6 hrs of deep convection
on 01 October, 2005, in central Brazil. We then calculated the large-scale secondary
GWs excited by the thermospheric body forces created by the dissipation of these
primary GWs. We found that both primary and secondary GWs arepresent at the
bottomside of the F layer (assumed to be atz = 250 km): 1) the primary GWs have
λH ∼ 200−300 kmu′,v′ ∼ 10−15 m/s, and neutral density perturbations of 1-2%;
2) the secondary GWs resolvable by the TIME-GCM (i.e., having λH ≥ 2000 km)
haveλH ∼ 4000−5000 km, zonal wind perturbations ofu′ ∼ 75−150 m/s, and
neutral density perturbations of 10-15%. The velocity perturbations are eastward in
central Brazil for 20o in longitude where the winds from 2 large vortices (created by
the forcings) converge, withu′ ∼ 75−150 m/s. This occurs prior to and after sunset
above the region of deep convection. Other regions had north, south, or westward
velocities. Note that the eastward GW velocities were larger than the background
tidal winds.

The pre-sunset eastward neutral winds are necessary for driving the F layer dy-
namo which creates the PRE. The eastward wind component of the tides were weak
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at and before 2100 UT at F-layer altitudes, and became eastward thereafter, with
amplitudes of∼ 100 m/s by 23-24 UT [21, 32]. Thus, the tidal wind amplitude
is smaller than the eastward velocity perturbation createdby the body force prior
to sunset (u′ ∼ 75 m/s from Fig. 6). Additionally, the tidal wind varies spatially
over tens of degrees, whereas the perturbation velocities vary over horizontal scales
of 500−1000 km. Since only localized regions have eastward wind perturbations,
the “mean” winds and large-scale secondary GWs induced by thermospheric body
forces likely significantly influence the F layer dynamo and EPB seeding.
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