
Correction to ‘‘Three-dimensional nonlinear evolution of equatorial

ionospheric bubbles with gravity wave seeding and tidal wind effects’’

Sharon L. Vadas and M. J. Keskinen

Received 1 October 2009; published 2 February 2010.

Citation: Vadas, S. L., and M. J. Keskinen (2010), Correction to

‘‘Three-dimensional nonlinear evolution of equatorial ionospheric

bubbles with gravity wave seeding and tidal wind effects,’’

Geophys. Res. Lett., 37, L03101, doi:10.1029/2009GL041216.

[1] In the paper ‘‘Three-dimensional nonlinear evolution
of equatorial ionospheric bubbles with gravity wave seeding
and tidal wind effects’’ by M. J. Keskinen and Sharon L.
Vadas (Geophysical Research Letters, 36, L12102,
doi:10.1029/2009GL037892), Keskinen and Vadas [2009,
hereafter KV09] presented the three-dimensional nonlinear
evolution of equatorial ionospheric bubbles using a realistic
lower atmospheric gravity wave (GW) source. There are a
number of misrepresentations and errors by KV09 in
regards to the presentation and discussion of the GW source
function that was used in the plasma model. The figures and
discussion of KV09 refer to a different GW specification,
despite the fact that the correct GW specification was used
in the plasma model, results of which are presented in
Figure 4 of KV09. As a result, the model data shown in
Figures 1, 2, and 3 of KV09 were not used to seed the 3D
plasma model described by KV09. Correct Figures 1–3
are supplied in this erratum. Additionally, part of para-
graph 8 and all of paragraphs 9, 10, and 11 of KV09 should
be disregarded and replaced with the text below.
[2] The dispersion relation discussed in the latter portion

of paragraph 8 in KV09 was not the GW dispersion relation,
but was rather the full complex dispersion relation derived
from the compressible fluid equations by Vadas and Fritts
[2005, hereafter VF2005]. Due to formula errors in KV09,
readers interested in the compressible dispersion relation
should refer directly to VF2005. The last half of paragraph
8 in VF09 should be replaced by the following: For
anelastic GWs with horizontal phase speeds much less than
the speed of sound, the GW dispersion relation is given by
equation (26) from VF2005 or by equation (47) from Vadas
and Fritts [2009, hereafter VF2009].
[3] Vadas and Liu [2009, Figure 1] shows a GOES-12

satellite image on 01 October, 2005, at 21:22 UT, in Brazil.
For the KV09 study, we simulated the GWs excited by the
energetic convective cluster at 59.0�W and 13.5�S. This
cluster contained several tightly-clumped convective
plumes, each having an approximate full-width horizontal
diameter of 20 km and updraft velocities of �40 m/s. We
defined a convective cluster to be composed of 3 convective
plumes in an equilateral triangle configuration, with a
separation of 50 km between the plume centers (VF2009).
Figure 1 shows the GW spectrum excited by this cluster.

Figure 1 replaces KV09’s Figure 1. This cluster excites
GWs with horizontal wavelengths of lH > 100 km and
vertical wavelengths of lz > 50 km, which are capable of
penetrating well into the thermosphere prior to dissipating
[Vadas, 2007; Fritts and Vadas, 2008].
[4] The ray trace model we used was described by

VF2009. The hyperbolic tanh zonal wind and temperature
models shown in Figure 2 of KV09 were not used in either
the ray trace or plasma models. Instead, the wind and
temperature models we used were determined mainly from
the Thermosphere-Ionosphere-Mesosphere-Electrodynamics
General Circulation Model. Vadas et al. [2009] describe the
background wind and temperature models used. Because
they include semidiurnal and diurnal tides, both zonal and
meridional background wind components were present.
[5] The GWs whose spectrum is plotted in Figure 1 were

located at 59.0�Wand 13.5�S at an altitude of z = 13.6 km at
21:22 UT. Those GWs were then ray traced into the middle
and upper atmosphere through the spatially and temporally-
varying background winds and temperatures. We then
reconstructed the GW wind, temperature, and density per-
turbations as a function of (x, y, z, t) using the method
described by VF2009. We extracted the vertical profiles
(cuts) of this solution at 10 different locations and times.
These profiles were inputted into the 3D plasma model

Figure 1. Vertical flux of zonal momentum as a function
of horizontal and vertical wavelengths for the GWs excited
by the convective cluster in increments of 10% of an
arbitrary value (solid lines). We do not show the largest
values here in order to emphasize the large-wavelength
portion of the spectrum (which have smaller amplitudes).
The form of the spectrum is given by equation (35) from
VF2009. Pink dash-dot lines indicate the vertical group
velocity cgz = @wIr/@m in intervals of 20 m/s. Blue dash lines
indicate the intrinsic horizontal phase speed cIH = wIr/kH in
intervals of 50 m/s. Here, wIr is the intrinsic frequency, and
kH and m are the horizontal and vertical wavenumbers,
respectively.
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individually. Cut #2 was found to be optimum in producing
plasma bubbles; this cut was used to produce KV09’s
Figure 4. Cut #2 was located at 55.9�W, 11.0�S, and
22:32 UT, which was �440 km northeast of the cluster.
[6] Figure 2 shows the background (or ‘‘mean’’) temper-

ature and horizontal wind profiles at the location and time of
cut #2. Figure 2 replaces KV09’s Figure 2. Here, T is
temperature, and U and V are the zonal and meridional
neutral wind components, respectively, in geographic coor-
dinates. Figure 2c shows that the winds rotate counterclock-
wise with altitude at this southern hemisphere location
(unlike the winds in Figure 2 of KV09).
[7] Figure 3 shows the GW parameters and amplitudes

as a function of altitude for cut #2. Figure 3 replaces
KV09’s Figure 3. Here, the zonal, meridional, and vertical
wavelengths are lx, ly and lz, respectively, the horizontal

wavelength is lH = [(lx)
�2 + (ly)

�2]�1/2, the observed wave
frequency is wr, the intrinsic frequency is wIr = wr� kU� lV,
k = 2p/lx, and l = 2p/ly. Here, overlines denote bin averages
using the vertical flux of horizontal momentum (see equation
(66) of VF2009). The irregular values of lx, ly, and lz in
Figures 3a and 3b at z � 240 km are not significant because
the GW amplitudes are quite small there, and occur because
there are few waves which pass through these bins. Note
that the GWs are mostly eastward-propagating because jlxj <
jlyj. At z � 200–240 km, lH � 100 km, lz � 70 km, tr �
10–12 min, and tIr � 10 min. Note that tIr is close to the
buoyancy period of tb � 8 min.
[8] The reconstructed GW zonal, meridional, and vertical

velocities are u0, v0, and w0, respectively, and are shown in
Figures 3e and 3f. The reconstructed GW temperature and
density perturbations are T 0/T and r0/r, respectively, and are

Figure 2. Background (‘‘mean’’) profiles at 55.9�W, 11.0�S, and 22:32 UTon 01 October, 2005 in Brazil. (a) Temperature.
(b) Zonal (solid) and meridional (dashed) background winds. (c) Hodograph of zonal and meridional background winds
from z = 100 km (labeled ‘‘100’’) to z = 300 km (labeled ‘‘300’’) (triangles). Triangles are separated by 2 km vertically.

Figure 3. Average GW parameters and reconstructed GW solution along vertical cut #2. (a) lx (solid line) and ly (dashed
line) in km. (b) lH in km. (c) lz in km. (d) tr (solid line) and tIr (dashed line) in min. (e) u0 (solid line) and v0 (dashed line)
in m/s. (f) w 0 in m/s. (g) 100 T 0/T . (h) 100 r0/r.
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shown in Figures 3g and 3h. We see that u0, v0, and w0 are in
phase, as expected for eastward, northward, and upward-
propagating GWs. The GW amplitudes increase rapidly
with altitude up to z � 180 km, and decrease with altitude
for z > 180 km. These results are consistent with previous
results [Fritts and Vadas, 2008]. The GW amplitudes are
reasonably large for z < 240 km,withmaxima of u0 � 160m/s,
v0 � 100 m/s, and w0 � 120 m/s at z � 180 km. The
temperature and density perturbations have similar ampli-
tudes and are 180� out of phase, as expected [Vadas and
Liu, 2009, equation (20)]. The maximum density and
temperature perturbations are �15%. These are consistent
with previous estimates that T 0/T � 1% corresponds to

a horizontal velocity perturbation of u0H =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u0ð Þ2 þ v0ð Þ2

q
�

10 m/s [Vadas et al., 2009, equation (17)]; scaling by a factor
of 15, this implies that T 0/T � 15% corresponds to u0H �
150 m/s, consistent with Figure 3e.

[9] Acknowledgments. SLV would like to thank M.J. Nicolls for his
help with this manuscript. This work was supported by NASA contract
NNH07AF50I.
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