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[1] We report on six continuous hours of OH airglow imager observations (at z � 87 km)
of convectively generated gravity waves (GWs) near Fort Collins, Colorado, on the
evening of 08 September 2005. These GWs appeared as nearly concentric rings, and had
epicenters near the locations of deep convection in three thunderstorms in Colorado,
Nebraska and South Dakota. Using GOES satellite and weather radar observations,
we show that the GWs closely follow the thunderstorms. Using the background wind from
a nearby radar, the intrinsic wave parameters and vertical wavelengths are calculated.

The temperature perturbations are estimated to be T ′=T � 1–3% for GWs with horizontal
wavelengths lh � 20–40 km and horizontal phase speeds �40–60 m/s. The horizontal
wavelengths of GWs from a convective cluster decreased in time from 30 to 15 km.
We employ convective plume and ray-trace models to simulate the GW-induced OH
intensity perturbations from convective plumes, clusters and complexes. We find
that the results using the background model wind (radiosonde/TIME-GCM) agree well
with the late-time observations, when the images are dominated by southwestward,
short-wavelength, high-frequency GWs. These late-time GWs propagate against the
background wind, and have lh � 30–40 km and periods of t � 20–30 min. The OH
intensity perturbations are enhanced because the vertical wavelengths lz increased,

T ′=T increased, and the vertical velocity perturbations w′ decreased (because the GWs
were near their reflection levels). We also find that these short-wavelength GWs were
created �5 h earlier by an extremely energetic, deep convective plume in South Dakota,
thereby showing that small-scale, convective GWs directly link the troposphere and
mesopause region.
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1. Introduction

[2] Atmospheric gravity waves (GWs) and their dissipa-
tion through wave breaking/saturation are recognized to
play a major role in the general circulation, temperature, and
constituent structure of the mesosphere and lower thermo-
sphere (MLT) [Lindzen, 1981; Holton, 1982; Garcia and
Solomon, 1985]. To properly account for the momentum
and energy budget of the middle atmosphere, and to inves-
tigate the lower-upper atmosphere coupling, it is important
to characterize the sources, propagation and damping of
GWs within the atmosphere.
[3] Deep convection (i.e., strong thunderstorms) can

frequently excite gravity waves in the lower atmosphere
during the spring, summer and fall months [e.g., Holton

and Alexander, 1999]. During a strong thunderstorm,
an energetic, warm and moist plume can rise rapidly in a
convectively unstable environment to the tropopause.
If energetic enough, the plume can overshoot the tropopause
by up to 1–3 km into the stably stratified stratosphere, where
it thereafter collapses and spreads out horizontally as an
anvil at the tropopause [Lane et al., 2001; Wallace and
Hobbs, 2006]. This overshooting displaces the air in the
stable environment from equilibrium, exciting GWs. At the
same time, diabatic forcing (latent heating and cooling) in
the lower stratosphere also excites high-frequency GWs
[Alexander et al., 1995; Pandya and Alexander, 1999;
Beres, 2004]. These processes excite a broad spectrum of
GWs that have a large range of temporal and spatial scales
[e.g., Pierce and Coroniti, 1966; Holton and Alexander,
1999; Lane et al., 2001; Song et al., 2003; Choi et al.,
2007; Vadas et al., 2009a, 2009b].
[4] While radiating away from the plume, GWs may

imprint their concentric-ring shape on the cumulus clouds.
For example, a 30-mile-wide storm cloud with small-scale
concentric rings over the coast of Nigeria was seen from
the space shuttle Columbia during NASA’s STS-55 mission
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on 2 May 1993 [Pitts et al., 1995]. As concentric GWs
propagate upward from the tropopause/lower stratosphere,
their phases show a conical shape in the vertical cross-
section centered near their sources [Alexander et al., 1995,
2004; Piani et al., 2000; Horinouchi et al., 2002; Lane et al.,
2003; Vadas and Fritts, 2004]. On a horizontal plane above
a convective source, the perturbations in temperature, air
density, and velocity appear as outward expanding concen-
tric rings if the intervening winds are “small” [Vadas and
Fritts, 2009]. The radiation from CO2 4.3-mm vibrational
transitions (peaking at 40 km) sometimes show circular or
elliptical patterns above thunderstorms, as viewed from
space because the temperature and air density are perturbed
by GWs [Dewan et al., 1998; Grimsdell et al., 2010;
Hoffmann and Alexander, 2010]. The smaller-scale GWs in
the excited spectrum often break or reach critical levels in the
stratosphere or lower mesosphere [Lane et al., 2003; Lane
and Sharman, 2006]. Some convective GWs with some-
what larger scales, faster phase speeds and smaller ampli-
tudes may penetrate to the mesopause region (80–105 km).
There, they may reach critical levels, become evanescent and
reflect downward, or propagate into the thermosphere. These
GWs may also induce significant perturbations in the OH
airglow emission, thus enabling their observation by ground-
based airglow imagers [Hecht et al., 1993; Taylor et al.,
1995, 2009; Swenson et al., 1995; Smith et al., 2000]. Sig-
nificant modeling has been performed to understand how
GWs perturb the OH layer [Krassovsky, 1972; Hines and
Tarasick, 1987; Walterscheid et al., 1987; Hickey, 1988a,
1988b; Schubert and Walterscheid, 1988; Swenson and
Gardner, 1998; Liu and Swenson, 2003; Hickey and Brown,
2002; Hickey and Yu, 2005]. If the intervening winds are
“weak,” these GWs can appear as concentric circular patterns
even at this altitude [Taylor and Hapgood, 1988; Sentman
et al., 2003; Suzuki et al., 2007; Yue et al., 2009] (final ref-
erence is cited as Y09 hereafter).
[5] During the deployment of an all-sky OH airglow

imager at the Yucca Ridge Field Station (YRFS), Colorado
(40.7N, 104.9W) between 2003 and 2008, 9 nights of con-
centric GWs were observed at z � 87 km in the OH layer
(see detailed introduction in Y09). Nearly all of these GW
events occurred near the equinoxes when the intervening
background wind between the tropopause and mesopause
was �20 m/s or smaller. Beneath the epicenters of these
concentric rings, strong convective plumes were found �1 h
prior to the observations of these GWs. Among the nine
events, a simple case on 11 May 2004 was selected in order
to conduct a comparative study between the observations
and modeling. The concentric GWs on this particular night
were excited when two single, nearly co-located (�80 km
apart) deep convective plumes overshot the tropopause nearly
simultaneously. These results were reported by Y09 and
Vadas et al. [2009a] (hereafter V09). Those works investi-
gated the horizontal wavelengths and apparent periods of the
GWs as a function of radius (defined as the distance between
the epicenter of the concentric ring and the wave phase front)
and propagation time (the time between the plume overshoot
and the wavefront observation). Overall, the observations and
numerical modeling of the concentric GWs excited by the
convective plumes agreed reasonably well.
[6] Among the 9 nights of concentric GW observations,

the concentric GWs on the night of 8 September 2005 were

perhaps the most complex, interesting and unique. On this
night, the ring patterns were observed continuously for
�6 h, and there were distinct ring patterns from three dif-
ferent storm systems separated by hundreds of kilometers
over the Great Plain of North America. Because of the
constructive and destructive interference in the airglow
images from these concentric GWs, as well as the continued
creation of new concentric GWs from new plumes for many
hours, it is more difficult to analyze these GWs than those in
Y09. Yet long-duration, simultaneous thunderstorms often
take place on the Great Plain and in other locations.
Although the intervening wind is not usually weak enough
to preserve the concentric ring-like appearance of the GWs
near the mesopause, a detailed investigation of the textbook-
like wave patterns on 8 September 2005 can lead to a much
better understanding of the wavelengths, periods and
amplitudes of the GWs excited by deep convection. This is
important for modeling the effects of convective GWs on the
MLT and thermosphere. Additionally, whereas Y09 and
V09 studied the GWs from single plumes, the thunderstorms
here involve many strong clusters of plumes. Because the
cluster model encompasses several simplifying assumptions
[Vadas et al., 2009b], and because clusters are commonplace
in strong convective thunderstorms, this study is also
important for testing and tuning the cluster model.
[7] In this paper, we investigate the concentric GWs

observed on 8 September 2005. We also identify their con-
vective sources in the troposphere. Using background wind
measurements at z � 90 km by the medium frequency (MF)
radar, we also estimate the GW intrinsic wave parameters,
vertical wavelengths and propagation times. We model the
GWs excited by the plumes, clusters and complexes identi-
fied on the Geostationary Operational Environment Satellite
(GOES) infrared (IR) satellite images, and ray-trace these
GWs into the mesosphere using a model wind and a zero
wind. The zero wind study is useful in order to separate mean
wind and spectral amplitude effects. We then reconstruct
the GW fields form the momentum fluxes, and calculate
the resulting temperature and OH intensity perturbations
using an analytic function representing the cancellation
factor. We then compare the model results with the obser-
vations. We follow with a discussion and our conclusions.

2. Airglow Imager Observations

[8] The all-sky airglow imager at YRFS, Colorado, mon-
itored nighttime OH airglow emissions around 87 km
between 2003 and 2008. The imager is sensitive to the OH
Meinel bands between 795 nm and 1 mm at the OH layer
[Nakamura et al., 2005; Y09]. One image is acquired every
2 min with 100 s exposure time. A brief introduction of the
concentric GWs from all 9 nights, their estimated convec-
tion sources and background winds can be found in Y09.
Here, we present a detailed discussion of the measured and
calculated GW parameters and background wind effect on
8 September 2005.
[9] On 8 September 2005, the imager was turned on at 03

Universal Time (UT) or 21 Local time. Concentric elliptical
patterns are clearly seen from the first raw image. Figure 1a
shows a sample raw image at 0350 UT. Concentric rings
are evident at the lower right-hand portion of the image.
To remove the background light and stars, and to enhance
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the GW structure, consecutive raw images are subtracted to
create difference images. Then the difference images are
unwrapped onto geographical coordinates. This algorithm
was introduced by Garcia et al. [1997], and was applied in
Y09. The unwrapped difference image on a flat geographic
field for Figure 1a is shown in Figure 1b. We see that the
elliptical rings are transformed into nearly circular rings.
Another group of rings moving southwest(SW)ward from
the upper right-hand corner is also visible in Figure 1b.
Although a very large area of 800 km � 800 km is plotted in
Figure 1b to display as many wave structures as possible,
GWs at the edges are distorted, so their parameters cannot be
measured accurately there.
[10] Selected flat-field OH images on 8 September 2005

(approximately 30 min apart) are displayed in Figure 2.
An animation playing the sequence of all difference OH
images during this night is provided as auxiliary material.1

From 0300 to 0845 UT, the appearance of concentric GWs
changed dramatically. At �0300 UT, one group of concen-
tric rings was centered on northeastern Colorado at (39N–
40N, 101–103W). The southern portion of the rings were
blocked by clouds (gray and white patches). Clouds in the
raw images are noticeably brighter than the ambient airglow
emissions and stars, and move through the imager field of
view quickly. Additionally, clouds usually block stars and
saturate the airglow images. By fitting (round) circles of
different radii to each ring, we estimate each ring’s epicenter,
and show them as red dots in Figure 2. If the intervening
wind between the tropopause and mesopause is negligible,
these epicenters will coincide with the locations of the
wave sources in the lower atmosphere. The only known
common tropospheric source which can create symmetric,
concentric rings of high-frequency GWs are deep convective
plumes [e.g., Piani et al., 2000; Lane et al., 2001; Vadas and
Fritts, 2009]. Point sources, such as earthquakes and nuclear
explosions, also excite concentric GWs, although they are

unusual. Horizontal body forces (created from the momen-
tum deposited in the fluid when a GW breaks) also create
concentric rings; however they are asymmetric, not sym-
metric (e.g., the amplitudes of the GWs parallel (perpen-
dicular) to the force direction are maximum (zero)) [Vadas
et al., 2003]. For the 11 May 2004 event, Y09 traced the
concentric GWs back to their sources, which were two adja-
cent single plumes. On that night and on 8 September 2005,
the Thermosphere-Ionosphere-Mesosphere-Electrodynamics
General Circulation Model (TIME-GCM) model climato-
logical wind and radiosonde wind were smaller than 20 m/s
at all altitudes [see Y09, Figures 7–9].
[11] The red dots in Figure 2a show that there may be

multiple wave centers in the area of (39–40N, 101W–103W)
if the intervening wind is negligible; this could be indicative
of different convective plumes within a cluster or complex.
Otherwise, temporally or spatially varying background
winds can also lead to such an observation, since the wind
Doppler shifts the GWs in each ring and each epicenter
differently because the GWs in each ring have different
frequencies and phase velocities (V09). We see this as fol-
lows. For zero background wind, the angle that a high-
frequency, small-scale GW’s phase front makes with the
vertical is a, and is related to the GW’s intrinsic frequency,
wI, via [Hines, 1967],

cos a � wI

N
ð1Þ

where N is the Brunt-Vaisala frequency. If the background
wind is constant in time, the apparent or observed GW fre-
quency is constant in time [Lighthill, 1978]. For a vertical
propagation distance from convective overshoot to the OH
layer of Dz, and if the constant background wind is constant
with altitude (or negligible), the radius of a GW in the hor-
izontal plane of the OH layer is

R ¼ Dz tana ¼ Dz

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðN=wI Þ2 � 1

q

: ð2Þ

Figure 1. (a) OH raw image at 0350 UT, 8 September 2005. Top and left correspond to north and west,
respectively. Elliptical rings radiate from the lower right corner. The bright band across the field of view is
the Milky Way. The two shadows on the top are irrelevant objects installed near the imager on the ground.
(b) Unwrapped difference image on a 800 km � 800 km area.

1Auxiliary materials are available in the HTML. doi:10.1029/
2011JD017025.
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Figure 2. The 800 km � 800 km difference OH images from 0300 to 0830 UT on 08 September 2005.
The while lines indicate the state borders between Colorado (CO), Nebraska (NE), Kansas (KS) and
Wyoming (WY). The estimated centers of the rings are marked by red dots. Arrows indicate waves of
interest (see text).
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Therefore, the radius of a concentric GW ring only depends
on its intrinsic period if the wind is constant or negligible. If
the wind is negligible, then the red dots indicate multiple
wave sources.
[12] From Figure 2a, we measure the horizontal wave-

lengths of the GWs at radii of R = 80–200 km (from 39 to
40N, 101W-103W) to be lh � (26–30) � 4 km. The mea-
surement uncertainty of the wavelength depends on the
quality of the images [Y09]. We also measure the apparent
period t to be 8 � 1 min, and the apparent phase speed to be
ch � 60 � 20 m/s. A second group of concentric GWs with
phase lines oriented northwest-southeastward (denoted by
the green arrow in Figure 2a) are located in the region of
(40–42N, 105–107W). Their horizontal wavelength, appar-
ent period and apparent phase velocity are measured to
be lh � 20 � 4 km, t � 10 � 1 min and ch � 34 � 10 m/s,
respectively. The fitted epicenter of these waves is located
at (42.5N, 103W), in northwestern Nebraska. The radii of
these waves is therefore 230–300 � 10 km. A third group
of concentric gravity waves are located at (42–43N, 101–
105W), denoted by the blue arrow in Figure 2a. Their hori-
zontal wavelengths, apparent periods and phase velocities are
lh� (26–30)� 4 km, t � 10� 1 min and ch� 45� 15 m/s,
respectively. The fitted epicenter is located at (44N, 102W) in
southwestern South Dakota, so these waves are approxi-
mately R � 200 � 10 km from their sources horizontally.
[13] The anelastic dispersion relation for a GW is [Fritts

and Alexander, 2003]:

m2 ¼ N2

ðch � UhÞ2
� k2h �

1

4H2
; ð3Þ

where Uh, kh = 2p/lh, and H are the background wind
velocity in the wave propagation direction, horizontal wave
number, and density scale height, respectively. H is esti-
mated to be 6 km. With no concurrent temperature mea-
surement, we assume a background buoyancy frequency of
N = 2p/(5 min). On 11 May 2004, there were no background
wind measurements at the mesopause (Y09). However, on
8 September 2005, a nearby 2 MHz MF radar was in oper-
ation at Platteville, Colorado (40.2N, 104.7W) to monitor
the mesopause wind field [Manson et al., 2003]. Figure 3
shows a hodograph of the background wind at 88 km
between 0 and 9 UT. Radar wind data is not available below
88 km during the nighttime. At 3 UT, the background wind
is southeastward with a magnitude of 38 � 22 m/s. For the
second and third groups of GWs propagating SWward in
Figure 2a, the background wind is almost perpendicular to
the GW propagation directions; therefore, for those GWs,
Uh � 0. We use the dispersion relation in equation (3), and
define the vertical wavelength to be lz = 2p/m. For the
second and third group of GWs, |lz| � 11 � 3 km and 15 �
5 km, respectively. We note that the uncertainty of the MF
wind is not considered here for simplicity. As the first group
of concentric GWs propagated from (39–40N, 101W-103W)
in all directions, the vertical wavelengths of the individual
GWs depend on the direction of propagation and on the
intrinsic horizontal phase velocity ch � Uh. For the westward
propagating GWs, the average |lz| is 37–53 km with a large
uncertainty of �15 km. The northward propagating GWs
have imaginary m and become evanescent when considering
the background radar wind.

[14] The vertical group velocity of a GW is cgz � dwI/dm,
where the intrinsic frequency is wI = kh(ch � Uh). Using
equation (3), which can be rewritten as wI

2 = (khN)
2/

(m2 + kh
2 + 1/4H2), the vertical group velocity of a GW is

cgz�� mwI=ðm2 þ k2h þ 1=4H2Þ� � mw3
I =ðkhNÞ2�l2

ht
2
B=ðjlzjt3I Þ;

ð4Þ

where tB = 2p/N is the buoyancy period. Therefore, the
smaller horizontal wavelength of lh � 20 km and a larger
radii of R � 230–300 km (i.e., larger tI = 2p/wI) for the
GWs in the second group implies a slower vertical group
velocity and longer propagation time than the GWs in the
first group. Since the OH layer height is �87 km and the
tropopause height is 16 km, usingDz � 87–16 � 71 km, we
estimate vertical propagation times from the tropopause to
the OH layer of Dt = Dz/cgz � (20–38) � 15 min, 96 �
29 min, and 75 � 28 min for the GWs in groups 1, 2, and 3,
respectively. This implies source times of �0205–0255 UT,
0100–0155 UT and 0120–0215 UT, respectively. Note that
the GWs in groups 2 and 3 were likely excited earlier than
those in group 1.
[15] Because the thickness of the OH layer is 8–9 km, the

airglow intensity perturbation in the OH layer can be quite
small for GWs with short vertical wavelengths because of
destructive interference of the positive and negative wave
fluctuations [Hines and Tarasick, 1987; Taylor et al., 1995;
Swenson and Gardner, 1998; Hickey and Yu, 2005]. The
relationship between the GW airglow intensity perturbation

I ′=I and the temperature perturbation T ′=T at a particular
altitude z is [Liu and Swenson, 2003]:

CF ¼ maxðI ′=IÞ
maxðT ′=TÞ : ð5Þ

Figure 4 displays an analytic function of the cancellation
factor (CF) with respect to lz:

CF ¼ 4:45tanhðjlzj=15Þ3 � 0:75 for jlzj > 10km; and

CF ¼ ðjlzj=10Þ6CF10 for jlzj < 10km; ð6Þ

where lz is in km, and CF10 is the value of CF at |lz| =
10 km. This function is designed to reproduce the features
of the numerical calculation of the CF shown in Figure 9a
of V09 (reproduced here as plus symbols) for very high-
frequency GWs with t = 10 min. This function is used in
the ray-trace model discussed in Section 4. Note that the
numerical calculation of the CF by V09 is based on the
model from Liu and Swenson [2003]; because it expresses
the results in terms of lz (rather than the extrinsic phase
speed), mean wind effects are therefore included. Such mean
wind effects were shown to be quite important [Hines and
Tarasick, 1987; Hickey and Yu, 2005], since GWs propa-
gating against the mean wind have much larger |lz| than
those propagating in the same direction as the mean wind.
We do not need to include the oscillations which occur in the
CF for GWs with medium-scale lh and large phase speeds,
however, because they are caused by the reflection of GWs
in the thermosphere and the subsequent partial cancellation
of the GW amplitudes within the OH layer [Hickey and Yu,
2005]; this is due to the assumption made by the full wave
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model that the GW source is steady state and horizontally
homogeneous. Because deep convective plumes are spatially
and temporally localized, any GWs which reflect in the
lower to mid thermosphere will propagate downward
through the OH layer tens to hundreds of minutes and up to
hundreds of km horizontally from the location where they
initially propagated upwards through the OH layer; there-
fore, for a spatially and temporally localized GW source,
there is no wave cancellation effect from reflected GWs
within the OH layer above this source. Multiple plumes
separated in time and space can lead to partial cancellations
within the OH layer from reflected GWs; this effect, how-
ever, is included in our model.
[16] We note that estimating the OH airglow perturbations

in this manner neglects OH perturbations that can arise from
GWs with small lz which reach critical levels within the
OH layer [Hickey and Brown, 2002]. This effect can affect
those GWs propagating in the same direction as the back-
ground wind.

[17] The CF’s are 0.13, 1.2 and 2.2 for GWs with |lz| = 10,
15 and 20 km, respectively. Therefore, the wave-induced
perturbations in the airglow emission for the second and
third group of GWs are approximately 15% and 120% of the
corresponding temperature perturbations, respectively. This
contributes to the result that the GWs in the second group are
more difficult to see than those in the third group. The CF for
the westward propagating GWs in the first group is
approximately 3.5–3.7. This facilitates their easy observa-

tion if T ′=T is relatively large. In Table 1, we summarize the
apparent horizontal wavelength, period t, phase velocity,
vertical wavelength, propagation time, and cancellation
factor for the GWs in groups 1, 2 and 3.
[18] Figure 5a shows the intensity perturbations, I ′=I ,

at 0300 UT. Here we calculate the intensity perturbations
by subtracting off the background light first, similar to the
procedure performed in V09. Then we subtract the average
from each image and divide by the average to obtain the
perturbations. At each pixel, the average is obtained 30 min
prior to and 30 min after each image time, with a 1 h running
window. Figures 5b, 5c, and 5d show the intensity pertur-
bations at 102.7W, 39.5N and 104.0W, respectively. The
latitude and longitude ranges in Figures 5b, 5c and 5d are
chosen to highlight the GWs from group 1, group 1 and
group 3, respectively. For each line plot, the average value
over the plotted interval has been subtracted off. The group 2
GWs are difficult to see at 105.0W and 40.5N because of
noise in the images. For Figures 5b and 5c, the line plots are
approximately perpendicular to the wave phase fronts of the
group 1 GWs. Figures 5b and 5c clearly show periodic
oscillations with estimated horizontal GW wavelengths of
lh � 30 km at this radius. Figure 5d shows relatively peri-
odic oscillations with a 35 km spacing, although there is
some noise and interference from other waves. Note that
this 35 km spacing is larger than group 3 GW’s lh � (26–
30) � 4 km, because the slice is not perpendicular to the
wave phase front.
[19] From Figures 5b–5d, we estimate I ′=I at 0300 UT for

the first and third group of GWs to be �5–8% and �3–4%,
respectively. Using lz calculated above and the CFs from
Figure 4, we estimate temperature perturbation amplitudes

of T ′=T � 1.4–2.3% and T ′=T � 2.5–3.3% for the first and
third group of GWs, respectively. These values are consistent
with the temperature and intensity perturbations obtained
from the single convective plumes on 11 May 2004 (see
Figures 1c and 10h of V09).
[20] GW structures in the images evolved dramatically

over the night. GWs from the second group cannot be seen
in Figure 2b. On the other hand, full rings of convective
GWs in Colorado were clearly visible after clouds moved
out of the field of view (FOV). Interference of wave patterns
is evident between concentric GWs from different sources.

Figure 4. Analytic representation of CF (equation (6)) as a
function of lz (solid line). Numerical calculation of the can-
cellation factor at the OH layer from V09 (plus symbols).

Table 1. The Apparent Horizontal Wavelength, Period, Phase

Velocity, Vertical Wavelength, Propagation Time and Cancellation

Factor for the GWs in Groups 1, 2 and 3

Group lh (km) t (min) ch (m/s) lz (km) Dt (min) CF

GW 1 26–30 � 4 8 � 1 60 � 20 37–53 � 15 20–38 � 15 3.5–3.7
GW 2 20 � 4 10 � 1 34 � 10 11 � 3 96 � 29 0.15
GW 3 26–30 � 4 10 � 1 45 � 15 15 � 5 75 � 28 1.2

Figure 3. Hodograph wind at 88 km for 0000–0900 UT
(data at 07 and 08 UT is absent) measured by the MF radar
(solid line) and predicted by the TIME-GCM (dashed line).
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Moreover, at 0354 UT (Figure 2c), there are multiple groups
of northwestern propagating GWs from the epicenters near
(39N, 102W). Their wavefronts overlay on and interfere
with each other, making it difficult to measure the wave-
lengths accurately at this time. For example, there are several
groups of adherent wavefronts near (40N, 103W), (40N,
104W) and (41N, 105W). These wave patches show larger
scales with increasing radii. Qualitatively, this is in agree-
ment with the GW dispersion relation with constant Dz and
Dt and m � khR/Dz [Y09, equation (4)]

lh ¼
2pR2ð1þDz2=R2Þ3=2

NDzDt
: ð7Þ

Clouds moved in around 0430 UT and only arcs (a quarter of
a full ring) can be seen in the images. The averaged hori-
zontal wavelength for the northwestward propagating GWs
from group 1 with radii of 250–280 km decreases from 25 �
2 km at 0530 UT (Figure 2f) to 22 � 2 km at 0602 UT
(Figure 2g), and finally to 18� 2 km at 0702 UT (Figure 2i).
Because the GWs with the same periods (or radius R) and
shorter horizontal wavelengths have smaller vertical group
velocities cgz (see equation (4)), these more slowly propa-
gating GWs reach the airglow layer at a later time (i.e., larger
Dt from equation (7)). Therefore, the horizontal wavelength
of the GWs at the same radii from the same source decreases
with time. Assuming these GWs were all excited by the

same convective source at 0214 UT in Colorado, Figure 6
shows the theoretical relationship between lh and Dt with
R � 250 km and 280 km. We find that Dt is 196 min,
228 min and 288 min at these three different times. The
observed lh’s are in good agreement with the GW disper-
sion relation if these GWs were excited by a convective
object around 0214 UT. The convective sources of these
GWs will be discussed in the next section.
[21] Figure 7 shows the OH intensity perturbations at

0800 UT at 104 W. We see that the OH perturbations created
by these GWs are �2–3%. After 0800 UT, only the third
group of GWs propagating SWward can be clearly observed.
Because the wave patterns from different plumes interfere
with each other, it is difficult to determine their horizontal
wavelengths later in the night (Figures 2j–2l). The apparent
phase speed is in the range of �75–100 m/s. The imager
FOV was completely blocked by clouds in the images after
0845 UT, indicating the end of the observations. Note that in
Figure 2l, other groups of concentric arc-like GWs propa-
gated northward and eastward; these waves are denoted by
the green and blue arrows, respectively. These GWs were
obviously excited by different sources other than those of the
aforementioned three groups of GWs. Because those GWs
can only be identified in a few images around 0830 UT, they
will not be discussed in detail in this paper. From 0300 to
0845 UT, an unprecedented total of 6.75 h of concentric
GWs were observed; this is therefore the longest recorded

Figure 5. OH intensity perturbations at 0300 UT. (a) I ′=I image. The intensity perturbations west
of 104.5�W and south of 39.75�N are set to zero because of the presence of bright clouds. (b) I ′=I
at longitude = �102.7�. (c) I ′=I at latitude = 39.5�. (d) I ′=I at longitude = �104.0�. The averages are sub-
tracted in Figures 5b–5d.
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occurrence of convectively generated concentric GWs at this
height of 87 km.

3. Satellite, Radar and Hail Observations
of Convective Plumes

[22] Y09 showed that there was deep convection near
the epicenter of the concentric GWs approximately one
hour before the observations. This includes the event on
8 September 2005 (see Figure 4 of Y09). In this paper, using
extensive satellite, weather radar and hail observations, we
search for the sources of the aforementioned three groups of
GWs.
[23] The GOES satellites are geosynchronous and play a

key role in U.S. weather monitoring and forecasting. GOES

IR satellite images were available every 15–50 min on the
night of 8 September 2005. An example is shown in
Figure 8a at 0155 UT. The thunderstorm system near the
epicenter of the GWs from group 1, 2 and 3, in Colorado,
Nebraska and South Dakota is labeled storm 1, 2 and 3,
respectively. Besides these three large thunderstorm sys-
tems, other cumulous clouds and anvils are observed in
southern Colorado, New Mexico and northern Texas. Since
convective plumes overshoot the tropopause adiabatically,
they appear as a few or more colder pixels to the infrared
satellite sensor. By manipulating the IR images graphically,
it is possible to determine the temperature of the anvil cloud,
which is created from old convective plume material located
at the tropopause. The groupings of colder pixels surrounded
by warmer anvil are likely convectively overshooting cloud
material (most likely ice crystals) [Vadas and Liu, 2009;
Vadas and Crowley, 2010].
[24] A full list of plumes, clusters, and complexes which

overshot the tropopause over the Great Plain from 0110
to 0730 UT on 8 September 2005 was compiled using
the GOES IR images and the technique described above.
This list was composed only of plumes with updraft velo-
cities > = 10 m/s. A cluster contains 2–4 loosely spaced,
non-interacting plumes. A complex contains 2–4 closely
spaced, interacting plumes. If there was more than 25 min
separating the images, the locations of the plumes at the
intervening times (every 15–20 min) were taken to be that
from the prior image. This is because an established updraft
will repeatedly send up pulses of buoyant air provided that
sufficient Convective Available Potential Energy (CAPE) is
available. A convective plume moves upward and over-
shoots the tropopause, then collapses. The collapse brings
cooler air to the surface, which then can spread into a
nearby region of high CAPE, and trigger the formation of
(a) new convective plume(s). The tropopause altitudes are
determined from 3-hourly global reanalysis data of the
height field (�15–16 km on 8 September 2005). The
(maximum) updraft velocities are obtained from 3-hourly
CAPE maps (from the NCDC NOMADS site):

w�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 � CAPE
p

: ð8Þ

Because the amplitudes of the GWs excited by a convective
plume are proportional to that plume’s updraft velocity,

Figure 6. Horizontal wavelength in km (y axis) as a func-
tion of the propagation time. Radii of 250 km (red line)
and 280 km (orange line) as a function of time, assuming
the GWs were launched at 0214 UT, calculated from
equation (7). The three dots from left to right denote observed
horizontal wavelengths at 0530, 0602 and 0702 UT.

Figure 7. OH intensity perturbations at 0800 UT at 104 W. The average is subtracted.
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the plumes with the largest updraft velocities produce the
largest-amplitude GWs. Altogether, 236 single plumes,
clusters and complexes were identified.
[25] At 0155 UT (shown in Figure 8a), the largest con-

vective plumes had updraft velocities of 70 m/s. For only the
strongest plumes with updraft velocities >40 m/s, 5 con-
vective objects were identified, as illustrated in Figure 8b.
Two were clusters in southwestern South Dakota (44–45N
and 102W), one was a cluster in western Nebraska (at 42.5N
and 102W), one was a cluster in northeastern Colorado
(at 40N and 103W), and one was a single plume in eastern
Colorado (at 38.5N and 103W). The rest of the updrafts in
southern Colorado and New Mexico resulted from weaker
single plumes and clusters. Comparing Figure 2a and

Figure 8b, the clusters in South Dakota and northeastern
Colorado coincide geographically with the epicenters of the
GWs from the 1st and 3rd group. The cluster in Nebraska is
to the east of the epicenter of the GWs from the 2nd group.
Recall that the GWs from the 1st, 2nd and 3rd group are
estimated to be excited at 0205–0255 UT, 0100–0155 UT
and 0120–0215 UT. Therefore, the 3nd group of GWs at
�0300 UT were very likely excited by the clusters in South
Dakota at 0155 UT, while the 1st and 2nd group of GWs
were likely excited by clusters in Colorado and Nebraska
after and before 0155 UT, respectively. This explains why the
cluster in Nebraska at 0155 UT is east of the GW epicenter
at 0300 UT, given the fact that the storm moved eastward.

Figure 8. (a) GOES satellite image at 0155 UT on 08 September 2005. The red star indicates the location
of YRFS. Cumulous clouds associated with Thunderstorms 1, 2 and 3 are numbered accordingly.
The radiosonde stations are shown as yellow letters. (b) The distribution of plumes that had strong
updraft (>40 m/s) at 0155 UT. The white dot denotes a single plume, and the stars denote clusters.
(c) The distribution of hail (white dots) reported on 8 Sep. 2005. The sizes of the hail (0.75″, 1″, 1.75″
and 3″) are indicated by the area of the white dots.
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[26] The National Weather Service NEXRAD radar map
can be used to support the GOES observations of convective
plumes and clusters. Figure 9a shows the radar reflectivity
map at 0152 UT on 8 September 2005, from the NEXRAD
radar located at North Platte, Nebraska (41N, 100W), plotted
with the NOAA Weather and Climate Toolkit. Like
Figure 8a, the high reflectivities in Figure 9 associated with
thunderstorm systems in northeastern Colorado (40N,
103W), western Nebraska (42N, 103W) and South Dakota
(44N, 102W) are also labeled 1, 2, and 3. By comparing to
Figure 8a, we see that the shapes of the cumulous clouds and
anvils resemble that of strong reflectivities reasonably well.
The locations of strong reflectivity coincide with the clusters
indentified in the satellite images, as well as with the GW
epicenters. Figure 9b shows the reflectivity map at 0153 UT
from the radar station in southern Colorado at Pueblo
(38N, 104W). Along with storm 1, strong reflectivity is seen
in eastern Colorado (38.5N, 103W), which coincides with
the single plume identified in satellite image in eastern
Colorado. Weaker reflectivities are distributed in southern
Colorado and northern New Mexico.
[27] To identify the convective overshooting, we search

for strong reflectivities (>18.5 dBZ) above the tropopause
(15–16 km). Because each NEXRAD radar has a limited
number of elevation angles, the vertical resolution of the
reflectivity is low a large distance from the radar. For
example, 150 km away from the radar at Pueblo, CO, the
reflectivities near the tropopause are measured at z = 13 km,
15.5 km and 18 km. Therefore, we may miss some of
the overshooting from the NEXRAD radar maps when the
storms are far from the radar. This is why the satellite images
are more useful for this task, even though the reflectivity
maps are obtained every 4–6 min. Table 2 lists the estimated
locations and times when plumes overshot the tropopause by
>1 km between 0 and 3 UT, determined from the radar map.
We see that the strongest clusters identified from the satellite
images at 0155 UT are also seen by the radar. As mentioned
previously, the collapse of a convective plume can trigger
the formation of one or more new convective plumes, if the
storm system has large CAPE on the outskirts of the old
plume. Thus for a typical plume (maximum) updraft velocity
of 40–50 m/s (average updraft velocity of 20–25 m/s), we
estimate the time for each plume to reach the tropopause
(after moving upward �10 km) to be �6–8 min. Detailed
modeling and comparison with the observed GWs led to an
estimated plume duration of 10 min [V09]. From Table 2,
we find that each “child” convective plume occurs �15–
20 min later than the “parent” plume. Additionally, from
Table 2, the satellite-identified clusters at 0155 UT in
southwestern South Dakota (44–45N and 102W), in western
Nebraska (at 42.5N and 102W), in northeastern Colorado
(at 40N and 103W) are identified in the radars at 0142/
0214 UT, 0130 UT and 0145 UT, respectively. Thus, the
plume observations from the GOES and the NEXRAD
radars are in good agreement. We note that the overshooting
plume at 0214 UT supports the assumption of the convective
source in Figure 6.
[28] Another well-known severe weather phenomenon on

the Great Plain is hail, which can form from strong updrafts
of moist air within a thunderstorm. Thus, hail and concentric
GWs share similar generating mechanisms, except that hail
may or may not be produced. All plumes create arc-like

GWs; however, such arc-like patterns are typically disrupted
by large winds in the stratosphere and mesosphere, which
instead create the appearance of planar, linear waves in air-
glow images. On the night of 8 September 2005, a handful
of hail events were reported; the record can be found at
NOAA’s Storm Prediction Center (http://www.spc.noaa.
gov/climo/index.html). The hail sizes range from 0.75″
to 3″. (The National Weather Service (NWS) issued severe
thunderstorm warnings whenever a thunderstorm produces
hail larger than 3/4″ diameter.) The updraft velocities needed
to create 0.75″, 1.5″ and 3″ hail are 25, 35 and >40 m/s
[Renick and Maxwell, 1977]. Figure 8c shows the locations
and sizes of the reported hail between 0 and 9 UT from
the three thunderstorms in Colorado, Nebraska and South
Dakota. Comparing Table 2 and Figures 8a–8c, the locations
of the hail throughout the night qualitatively agree with
the locations of the convective overshoots at 0155 UT.
[29] Strong updrafts and hailstorms in Nebraska (Storm 2)

ceased after 2 UT, and those in northeastern Colorado
(Storm 1) ended after 5 UT. On the other hand, thunderstorm
3 in South Dakota produced hailstorms and strong con-
vective plumes throughout the night. During this time, the
whole storm system traveled eastward. As shown in
Figure 9c, only strong reflectivities associated with Storm
3 can be detected by the NEXRAD radar at 0600 UT.
Additionally, Storm 3 traveled eastward �500 km over 4 h;
this is an average speed of �30 m/s. Other than the storm
systems in South Dakota, weaker single plumes and com-
plexes were identified in southern Colorado and New
Mexico during the latter part of the night. These convective
plumes are likely the sources of the concentric GWs denoted
by green and blue arrows in Figure 2l.
[30] In this section, we demonstrated that different con-

vective sources excite concentric GWs. This result shows that
the mesoscale dynamics in the mesopause region is influ-
enced by the meteorological activities and extreme weather
occurring in the troposphere. Convective GWs propagated to
the mesosphere after tens of minutes or hours after the con-
vective overshooting. In general, nearly all of the GWs can be
traced back to their sources, in terms of geographical match-
ing between the epicenters and the plumes/clusters, and the
propagation times. This provides us with a classic example of
the coupling of the lower and middle atmospheres by GWs.
These observations also yield a unique opportunity to test GW
excitation and ray-trace models. In the next section, we will
use such GW excitation and ray-trace models to simulate
the excitation and propagation of convective GWs when
multiple convective sources are occurring concurrently.

4. Modeling the OH Perturbations From Gravity
Waves Excited by Convective Sources

[31] Over the past few decades, many numerical models
have been developed to simulate the GWs excited by deep
convection [e.g., Holton and Alexander, 1999; Pandya
and Alexander, 1999; Horinouchi et al., 2002; Lane
et al., 2003]. It is generally believed that there are two GW
sources within a convective system: diabatic forcing (i.e.,
latent heating and cooling), and nonlinear forcing from the
movements and perturbations within a convective system
(i.e., the divergences of the momentum and heat fluxes)
[Lane et al., 2001]. Both sources are important in full,
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Figure 9. NEXRAD reflectivity charts (a) at 0152 UT from North Platte, NE, (b) at 0153 UT from
Pueblo, CO, and (c) at 0603 UT from North Platte, NE, on 8 September 2005. Thunderstorm systems
in northeastern Colorado, western Nebraska and South Dakota are tagged Thunderstorm 1, 2 and 3,
respectively. The color bar is the radar reflectivity. The green, yellow and red colors indicate regions of
convection and precipitation.
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nonlinear, moist, cloud-resolving simulations, and result in
GWs with similar amplitudes, scales, and periods [Song et
al., 2003; Choi et al., 2007]. This lends credence to the
idea that either dry source, by itself, can be used to model
the GWs excited by convection. However, these two
sources are largely out of phase with one another; if only a
single source (say diabatic forcing) is used to model the
excitation of GWs in a dry-air simulation (as is commonly
done), the GW amplitudes are �2 times larger than the
GWs in the nonlinear, moist simulation [Song et al., 2003;
Choi et al., 2007]. However, if both dry GW sources are
included, then realistic GW amplitudes and similar GW
spectral characteristics are obtained. A new GW parame-
terization modifies the diabatic forcing to include this
nonlinear forcing [Chun et al., 2008]. Choi et al. [2007,
Figure 5] showed that the shape of the GW spectra from the
dry diabatic or nonlinear forcing are quite similar to that of
the moist simulations for simple unsheared cells for hori-
zontal phase speeds greater than �20–25 m/s; the ampli-
tudes, however, were still �2 times too large. Therefore,
linear dry GW excitation models which include only one of
these sources must reduce the GW amplitudes accordingly,
even for large phase speeds.
[32] In the literature, there are “dry-air” linear models

which describe this excitation process as a diabatic forcing
[e.g., Alexander et al., 1995; Piani et al., 2000;Walterscheid
et al., 2001; Beres, 2004], while others as an overshooting
of the convective plumes into the stratosphere [Stull, 1976;
Vadas and Fritts, 2009]. GW excitation from deep convec-
tion excites high frequency GWs with lh � 1 km to
hundreds of km, and with periods of 5 min to a few hours.
[33] Our GW source model is an idealized model which

implements the latter process [Vadas and Fritts, 2009]. This
model implements the analytic, Boussinesq solutions for
the generation of GWs from an “envelope” of upward-
moving air in a simple, unsheared background wind, and
was recently modified to include compressibility (S. L.
Vadas, manuscript in preparation, 2012). Because not all of
the air is upward-moving within this envelope, we multiply
the GW amplitudes by a fill factor which is < = 1. We also
multiply each GW’s amplitude by 1/2 in order to compen-
sate for its overestimation from the neglect of diabatic
forcing (see above) [Song et al., 2003; Choi et al., 2007].
This model neglects the larger-amplitude, small-scale GWs
with lh < 10 km, lz < 10 km, and small phase speeds excited
by the smaller-scale processes associated with the convec-
tive updrafts and wind shear [e.g., Lin and Chun, 1991; Lane
et al., 2003]. Because we are neglecting the smaller-scale
GWs which have phase speeds <20–30 m/s and can greatly
affect the dynamics of the stratosphere, and because the

excited GWs are ray traced from a single point in space and
time (i.e., a point source approximation), these models are
not appropriate for GW studies in the stratosphere. Note that
the GWs which reach the mesopause region typically have
phase speeds >20 m/s, thereby ensuring that the GW spec-
trum which arises from our vertical body force model can be
scaled by a constant factor. Note that by neglecting these
smaller-scale GWs, we are also neglecting any secondary
GWs which may be excited when these GWs break. We
argue in Section 4 why we are likely only observing the
primary, not secondary, convectively generated GWs.
[34] We model here the GWs excited by the 236 single

plumes, clusters, and complexes, identified from the GOES
satellite images, as discussed in the previous section. We
model a plume as a vertical body force with a diameter of
DH = 5 to 20 km, which lasts for the duration st. We model a
cluster and a complex as 3 identical plumes at the corners of
an equilateral triangle. The distance between adjacent plume
centers is 3 DH for a cluster, and 2.25 DH for a complex.
These average separation distances are determined from the
GOES IR satellite images. We separate the plume start times
in the clusters and complexes by st/2. Via comparison with
OH airglow observations on 11 May 2004 of concentric
GWs with lh � 20–100 km and t � 5–15 min from 2 nearly
simultaneous plumes, it was found that st = 10 min and a fill
factor of 0.5–0.75 fit the data well [V09]. Here, we assume
st = 10 min and a fill factor of 0.5 for all single plumes.
[35] While this fill factor works well for a single plume,

it results in GW amplitudes that are �10 times too large for
GWs ray traced from clusters and complexes. We explain
the needed reduction for clusters and complexes in our ray
trace model as follows. We first multiply an excited GW’s
amplitude by 1/3 to account for the non-localization of the
plumes within the cluster or complex (since the GWs are
ray traced from a single location in the ray-trace model).
We then multiply this amplitude by 1/3 to account for the
non-simultaneity of the plumes (since all GWs are ray traced
from a single time in the ray trace model). Combining these
factors, we estimate a total reduction of 1/9 = 0.11 for GWs
ray traced from clusters and complexes in our ray trace
model. In this paper, we will compare the intensity pertur-
bations from storm 1 (which is a cluster) from Figure 2 with
our model results at 0300 and 0800 UT (see later in this
section), and we find that they agree reasonably well if the
total multiplying factor is 0.1, in agreement with our esti-
mate. We use this same factor for a complex, as it contains
the same number of plumes, and so results in the same 1/9
factor from the non-localization and non-simultaneity of
these plumes.
[36] Two million GW packets are created by each plume/

cluster/complex in our model, and are inserted into a non-
hydrostatic and compressible ray-trace model [Vadas and
Fritts, 2009]. The GWs excited by these convective objects
are then ray-traced from a single location and time to z =
110 km. The ray tracing is performed using both model and
zero winds. The zero wind results are necessary in order to
distinguish between background wind effects and the non-
uniformity of the GW spectral amplitudes (since the ampli-
tude of each GW depends on its wavelength, frequency, and
propagation speed). This is especially important here,
because we integrate these GWs up to 8 h after their exci-
tation in order to capture the late-time effects created by the

Table 2. Times and Locations of Some Overshooting Events Before

3 UT in Colorado (Thunderstorm 1), Nebraska (Thunderstorm 2) and

South Dakota (Thunderstorm 3) Determined From the NEXRAD

Radar Map

Thunderstorm

1 1 1 1 2 2 3 3 3

UT 0033 0112 0142 0214 0010 0130 0117 0145 0235
Long (W) 103.1 103.1 103.1 103 103.6 103.4 102.1 102.1 101.8
Lat (N) 40.1 39.9 39.8 39.7 42.7 42.4 44.1 44.1 43.8
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Figure 10. Radiosonde zonal (solid line) and meridional (dashed line) wind at 00 UT on 08 September
2005, measured at the stations of (a) Denver (39.75N, 104.87W), (b) North Platte (41.13N, 100.68W),
(c) Rapid City (44.08N, 103.21W), (d) Dodge City (37.77N, 99.97W), (e) Aberdeen (45.45N, 98.43W),
and (f) Albuquerque (35.05N, 106.61W).
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small-scale, slowly propagating GWs, whereas past meso-
pause studies have only integrated these GWs (through zero
winds) for a few hours after excitation [Vadas and Fritts,
2009]. The zero wind results also provide an understanding
of the sensitivity of our results to the background wind; this
is important, because the TIME-GCM model winds may not
provide an entirely accurate depiction of the actual winds
that evening. We save the momentum fluxes in (x, y, z, t)
bins in a 872 km � 872 km horizontal region centered on
Yucca Ridge. The bin sizes are 6 km � 6 km � 3 km �
4 min in x, y, z and t, respectively. After ray-tracing the
GWs from a convective object, the temperature perturba-

tions T ′=T are reconstructed at z = 86 km [V09]. We then
convert these perturbations to approximate intensity pertur-

bations, I ′=I , via equations (5) and (6) for better comparison
with the imager observations. We do not include the phase

shift between I ′=I and T ′=T [Liu and Swenson, 2003],
because the exact start times of the convective objects are
uncertain by �15 min or more (because the GOES images
are only available every 15–50 min).
[37] The ray-trace model includes the effects of parame-

terized GW breaking via Lindzen’s saturation condition
[Lindzen, 1981]. This is accomplished by ray-tracing all
GWs a second time, and reducing their amplitudes when
they reach bins where the sum of the non-dimensional
GW amplitudes squared (from the first run) is greater than
one [Smith et al., 1987]. (We note that at all times, there
are regions in our simulated volume for which the non-
dimensional amplitudes are >1 during the first run.) We are
not including secondary GWs excited by the momentum
deposition from wave breaking here, because these GWs
have much smaller amplitudes relative to the primary
breaking GWs in 3D simulations [Vadas et al., 2003]. These
secondary GWs also have horizontally asymmetric concen-
tric ring phase lines in 3D simulations [Vadas et al., 2003],
which is not observed here (see Figure 2). Finally, this
model also includes the change in the observed frequency
from time-varying background winds [Eckermann and
Marks, 1996].
[38] Our wind and temperature model is composed of

balloon soundings at 0 UT from the ground to 30–35 km
from various stations across the Great Plain (downloaded

from Department of Atmospheric Science, University of
Wyoming, http://weather.uwyo.edu/upperair/sounding.html).
The radiosonde wind profiles near the thunderstorms are
shown in Figure 10. The locations of these stations are
marked in Figure 8a. The meridional winds are quite weak
below 35 km. The zonal winds are eastward with 10–30 m/s
magnitude near the tropopause (z � 15 km). The wind shears
are <6 m/s/km. We note that the direction and magnitude of
the tropospheric wind is in agreement with the motion of
the storms. From 35 km to 150 km, we obtain hourly wind
and temperature from the high-resolution TIME-GCM with
2.5� horizontal resolution. The lower boundary of the TIME-
GCM is specified by the European Centre for Medium-Range
Weather Forecasts (ECMWF) reanalysis data at 10 hPa, and is
updated every 6 h. A detailed description of the TIME-GCM
is provided by Roble and Ridley [1994]. The TIME-GCM
zonal and meridional winds near YRFS on 08 September
2005 are shown in Figure 11. Since the zonal mean zonal
wind switches direction in September, the total background
horizontal wind velocity is small at that time (<10 m/s) [Y09].
Superposed on the mean wind, the downward progression of
thermal tides is apparent. The overall tidal amplitude is less
than 20 m/s below the airglow layer. Comparing the TIME-
GCM wind to the MF radar wind at 88 km in Figure 3, the
TIME-GCM wind is always eastward throughout the night
while the MF radar wind varies dramatically.
[39] Figures 12 and 13 shows horizontal slices of the cal-

culated OH airglow intensity perturbations I ′=I from 0300 to
0830 UT on 08 September 2005 in the same time sequence
as in Figure 2. Here, the GWs are ray-traced through the
model (TIME-GCM/radiosonde) and zero background
winds, respectively. The model wind results show distorted
and partial concentric ring patterns of GWs from wind fil-
tering [V09], while the zero-wind results show symmetric,
concentric rings. Altogether, the agreement between the
model wind results and the observations is quite good.
Figures 12a–12c and 13a–13c show wave interference pat-
terns in Colorado at 104W and 40N, similar to those in
Figures 2a–2c. At early times, when the fast excited GWs
reach the OH layer, the model and zero wind results are
similar. This is due to the fact that these early GWs have
large horizontal phase speeds, and are not significantly

Figure 11. Horizontal winds near YRFS on 08 September 2005 from the TIME-GCM.
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Figure 12. Horizontal slices of I ′=I at z = 86 km at 0300, 0330, 0400, 0430, 0500, 0530, 0600, 0630,
0700, 0730, 0800 and 0830 UT, calculated from the ray trace model on 08 September 2005. The back-
ground wind model with the radiosonde/TIME-GCM wind is used. The dashed lines show the state lines.
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Figure 13. Horizontal slices of I ′=I at z = 86 km at 0300, 0330, 0400, 0430, 0500, 0530, 0600, 0630,
0700, 0730, 0800 and 0830 UT, calculated with a zero background wind in the ray trace model.
The dashed lines show the state lines.
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affected by the mean wind. At 0300 UT, GWs excited by a
storm in eastern Colorado and storm 3 in South Dakota are
dominant. However, GWs from storm 1 and from a storm in
SW Colorado are also observed. Additionally, weak con-
centric GWs excited by storm 2 in Nebraska can be seen.
This is in reasonable agreement with the OH image in
Figure 2a, which only has good data north of 40N because of
clouds. However, the model intensity perturbations from the
storm at 38.5N in eastern Colorado are stronger than those
from storm 1 (in NE Colorado), in contrast to the observa-
tions (see Figure 2a). From 0400 to 0430 UT, storm 1 creates
somewhat stronger OH perturbations than storm 3, in
agreement with the data.
[40] At later times, the GW patterns from the model wind

are much more realistic than from the zero wind. A general
feature is that the westward propagating waves often have
larger amplitudes than the eastward GWs (e.g., Figures 12a,
12b, and 12d–12f), in good agreement with the observations.
This is due to the eastward background winds. In addition,
northwestward propagating GWs with short horizontal
wavelengths generated by storm 1 are striking features in
Figures 2e–2i (103–107W, 39–43N). These GWs are ubiq-
uitous in Figures 12e–12i, although absent in Figures 13e–13i.
Likewise, SWward propagating GWs from storm 3 with
short horizontal wavelengths are dominant in Figures 2j–2l
(102–106W, 38–41N). Although they cannot be seen in

Figures 13j–13l, they are readily visible at 40–43N in
Figures 12j–12l, although only north of 40N.
[41] There are also some disagreements between the

model results and observations. For example, there are GWs
excited by a storm in western Kansas (101.5W, 39.5N)
which appear in the model results from 0630 to 0830 UT,
but were not observed by the imager. Additionally, there are
GWs from storms in southern Colorado and northern New
Mexico which clearly appear in the model results, but are
difficult to see in the airglow images (see the blue arrow in
Figure 2l). However, clouds do obscure some of the GWs
at that time in the southwest corner of the image (south of
39N). It is perhaps possible that there are larger meridional
winds in the upper stratosphere and mesosphere south of
40N that are not accounted for in the TIME-GCM winds,
and which filter the observed northward-propagating GWs
(either through critical levels if the winds are large and
northward, or through evanescence and reflection if the
winds are large and southward).
[42] The intrinsic frequency of a zonally propagating GW

at altitude z is

wI ðzÞ ¼ wI ðztropÞ � khDU ð9Þ

where trop is tropopause and DU = U(z) � Utrop. Around
70 km, the model (i.e., TIME-GCM) zonal wind was

Figure 14. (a and c) I ′=I and (b and d) T ′=T at z = 86 km at 0300 UT from the ray trace results shown in
Figure 12 using the background wind model (solid). Shown are the results at 103W (Figures 14a and 14b)
and 39N (Figures 14c and 14d). The zero wind results (from Figure 13) are shown with dotted lines.
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westward, with U = �10 m/s (see Figure 11). Using the tro-
popause wind from Figure 10, DU is �20 to �40 m/s. Thus
for an eastward-propagating, high-frequency GW with large
kh (i.e., short horizontal wavelength), its intrinsic frequency
can increase to equal N near z = 70 km, whereby it reflects
downward. This explains the absence of the eastward prop-
agating waves in Figure 12 at late times (when the short
horizontal-wavelength, slowly moving GWs reach the OH
layer). By the same mechanism, the SWward-propagating
GWs are Doppler-shifted within the OH layer to larger fre-
quencies and larger lz in an eastward wind. During the later
half of the night, the zonal model wind is 20 m/s toward the
east at 87 km (see Figure 11). Since CF increases when lz
increases, these SWward-propagating GWs are easier to see
in the model wind than in a zero wind. This is one of the

reasons I ′=I is large for these GWs. The other reason concerns

the increase in T ′=T from some of the GWs nearing reflection
levels, as we will discuss in a moment.
[43] We now examine the simulation results in more detail

at 0300 UT. Figure 14 show slices of the model (solid) and
zero (dotted) background wind results of the intensity and
temperature perturbations at 103W and 39N. For the zero
and model wind cases, the intensity perturbations from the
GWs excited by the strong cluster in northeastern Colorado
(storm 1) have amplitudes (at 103W and 40–41N, or 104W
and 39N) of 4–9% and 4–8%, respectively. These results
compare very well with the observed amplitude of �5–8%
from Figures 5b and 5c. For the zero and model wind cases,
the intensity perturbations from the GWs excited by storm 3
(103W and 43N) are 2–4% and 1–3%, respectively. These
values are quite similar to the observed values of �3–4%
(see Figure 5d). For the zero and model wind cases, the
temperature perturbations from the GWs from the strong
cluster in storm 1 are 2–4% and 2–5%, respectively. This is
comparable to the measurement-based temperature pertur-
bations of 1.4–2.3%.
[44] We wish to better understand the striking presence of

the short horizontal wavelength SWward GWs at late times
in the model wind results (e.g., at 0800 UT, 105W and north
of 40N). Figure 15 shows slices at 0800 UT using the model
and zero background wind results at 105W and 42N. We
also display the average GW parameters (such as wave
period and wavelengths), where the parameter in each bin is
weighted by the GW’s momentum flux [Vadas and Fritts,
2009, equation (66)]. The top row of each figure shows the
OH intensity and temperature perturbations at 105W. At

latitudes >40N, T ′=T � 0.2–0.4% and I ′=I � 0.1–0.3% for
GWs with large horizontal wavelengths of lh � 80–110 km
in the zero wind case. Since CF � 1, these GWs therefore
have estimated vertical wavelengths of |lz| � 15 km (from
Figure 4), and therefore have intrinsic periods of 15–30 min

using equation (3). At latitudes >40N, T ′=T � 1–2% and

I ′=I � 2–6% for GWs with smaller horizontal wavelengths
of lh � 30–40 km in the model wind case. Since CF � 2,
these GWs therefore have |lz| � 20 km, and therefore have
frequencies close to the buoyancy frequency.
[45] Figures 15c–15h show the simulation results at 42N.

For the model wind results, |lz| increases slowly east of
107W, since the vertical wave number, m, begins to
approach zero. Referring to equation (3), this occurs when
the intrinsic phase speed, ch � Uh, increases significantly.

We are interested in the small-scale GWs at 105–106W.
While the zero wind results only show the presence of large-
scale GWs with lh � 80 km, t � 30 min, ch � 40–50 m/s,

and small temperature perturbations of T ′=T � 0.2–0.3%, the
model wind results show the presence of GWs with
lh � 35–40 km, t � 12–15 min, intrinsic phase speeds of
cIh � 40–50 m/s, and much larger temperature perturbations

of T ′=T � 1–1.5%. Since the smaller-scale GWs with
lh � 35–40 km must be present in the zero wind result
(since no wind filtering occurs), they must have had tem-
perature perturbations smaller than 0.05% in order to not
be easily visible in Figure 15d (dotted line). Note that the
averaged, non-dimensional GW amplitudes are less than
0.15 in Figure 15h, which implies that these particular GWs
did not saturate. (However, note that other GWs at this
time, but at lower latitudes, did saturate.) Note that there
is no clear evidence of wave breaking (turbulence or ripples
[e.g., Yue et al., 2010]) in the OH airglow observations on
8 September 2005 (Figure 2).
[46] The temperature perturbation of a GW with |lz| <

4pH [e.g., Fritts and Alexander, 2003; V09] is T ′=T =
�i[(g � 1)/(HgwI)]w′, where w′ and uh′ are the GW ver-
tical and horizontal velocity perturbations. Using equation (3)
and the continuity equation khuh′ = �mw′, the temperature
perturbation for a GW with m2 � kh

2 is

T ′=T� i½ðg � 1Þ=ðHgNÞ	ðuh′w′Þ=w′: ð10Þ

For a non-dissipating GW, the average of ruh′w′ over a
wave period is constant with altitude [Andrews et al., 1987],
where uh′w′ is the momentum flux (per unit mass) and r is
the background density. Since uh′w′ (ztrop) is fixed, uh′w′ at
z = 86 km is the same whether a convectively excited GW

propagates through the model or zero wind. Then, T ′=T is
proportional to 1/w′ from equation (10). A GW which pro-
pagates against the wind and is near reflection has a smaller w′

and larger |lz|, and therefore a larger T ′=T than the equivalent
GWs in a zero wind. This is seen in Figures 15d and 15g. This
is the reason why the small-scale GWs at 105–106W and 42N

have much larger T ′=T when propagating against the back-
ground wind than in a zero wind. (Note that because |lz| 

lh at 105–106W from Figure 15g, the approximation,
m2 � kh

2, is well-satisfied.) This effect, combined with the
CF effect discussed above, is the reason the SWward short-
wavelength GWs appear in the model (but not zero) wind
results at late times.
[47] We now determine the source of the small-scale GWs

at �106W and �42N and 0800 UT in Figure 12k. From
Figure 15 for the model background wind, we estimate
average wave parameters of lh = 40 km, |lz| = 20 km, t =
25 min and tI = 15 min. Note that since the wind at (105W,
41N) and z = 86 km was mostly eastward in the model (i.e.,
U = 23 m/s, V = �6 m/s), the propagation of westward
GWs is favored. This causes tI < t. Because concentric
GWs propagating NWward and SWward are constructively/
destructively interfering at this location, these average
quantities should be viewed as approximate values. Using
equations (3) and (4), and assuming that the average intrinsic
period of the GWs from the tropopause to the OH airglow
layer is 20 min, we estimate a vertical group velocity of
�4.2 m/s. This yields a propagation time from the tropopause
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Figure 15. Results at 0800 UT and z = 86 km, using the ray trace results from Figures 12–13 at (a and b)
105W, and (c–g) 42N. Unless noted otherwise, the model wind results are shown with solid lines, and
the zero wind results are shown with dotted lines. Shown are intensity perturbations, I ′=I (Figure 15a), tem-
perature perturbations, T ′=T (Figure 15b), I ′=I (Figure 15c), T ′=T (Figure 15d), average observed (ch, solid)
and intrinsic (cIh, dashed) phase speeds (Figure 15e), average observed (t, solid) and intrinsic (tI, dashed)
wave periods (Figure 15f), average vertical wavelength ∣lz∣ (solid and dotted lines for model and zero
winds, respectively) and horizontal wavelength (lh, dashed and dashed-dotted lines for model and
zero winds, respectively) (Figure 15g), and average non-dimensional amplitude, uh′kh/wI (Figure 15h).
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to z = 86 km of 4.8 h, and an estimated source time of
�0310 UT. Using the model wind, we reverse ray-trace the
SWward-propagating GWs from 0800 UT, 106W, and 42N,
assuming wave parameters of t = 24–27 min and an angle of
azimuth of q = �125� from north. These GWs reach the
tropopause 4.4–5 h earlier at �102.7–103.0W and �43.7–
43.9N. The strongest convective objects which correspond to
these times and locations are 1) a cluster containing plumes
with diameters of 20 km and updraft velocities of 75 m/s
at 101W, 44N, and 0325 UT, and 2) a single plume with a
15 km diameter and an updraft velocity of 63 m/s at 102.5W,
44.0N, and 0305 UT.
[48] To further investigate this, we forward ray-trace

a GW with lh = 40 km, t = 27 min, and q = �115� from
this cluster. If this GW propagates through zero wind, it
reaches z = 86 km at 0730 UT, 104.8W, and 42.6N, with
|lz| = 8 km. If this GW propagates through the model
wind, then it reaches z = 86 km at 0808 UT, 105.4W and
42.5N, with |lz| = 16 km. The CFs for |lz| = 8 and 16 km are
0.035 and 1.4, respectively. This Doppler effect causes the
OH intensity perturbations created by these small-scale,
slowly moving GWs to be �40 times larger for the model
wind as compared to the zero wind. This, along with the

increase in T ′=T as GWs near reflection and w′ decreases, is
why the model wind simulates the slowly propagating,
smaller-|lz| GWs at late times more realistically than the
zero wind.
[49] We now determine the dominant convective source of

the small-scale GWs at �106W, 42N and 0800 UT. We
separately ray-trace the GWs excited by the following con-
vective objects through the model background wind: (1) the
cluster containing plumes with average diameters of 20 km
and updraft velocities of 75 m/s at 101W, 44N, and 0325 UT,
and (2) the single plume with a 15 km diameter and an
updraft velocity of 63 m/s at 102.5W, 44.0N, and 0305 UT.
For each, we apply Lindzen’s saturation scheme for all
236 plumes/clusters/complexes from run 1, as described
previously. We show the result at 0800 UT in Figure 16 for
this cluster (upper 2 rows) and single plume (lower 2 rows).
First, there are no GWs within 300 km of the centers of these
convective objects at this late time. This is because GWs
with small radii have large frequencies (see equation (2)),
and therefore relatively large vertical group velocities (see
equation (4)); these fast GWs would have reached the OH
airglow layer prior to 0800 UT. Second, the regions where
the GWs near reflection (i.e., where the average |lz| increa-
ses significantly) are different, because of the different GW
amplitudes. Third, there are GWs at�106W and�42N from
both the cluster and the plume. Those from the cluster
and plume have horizontal wavelengths of lh � 60 km and
lh � 35 km, respectively. Those from the single plume agree
better with Figure 15g (for the model wind). Most impor-
tantly, the OH intensity perturbations created by the GWs
from the single plume, being �1.5% at this location, are
nearly �30 times larger than those created by the GWs from
the cluster. This value agrees well with Figure 15c (for the
model wind). Additionally, the GWs from the single plume
are propagating SWward, rather than nearly westward as for
the GWs from the cluster. Therefore, we conclude that
small-scale GWs in Figure 12k at this location at 0800 UT

were likely excited by the strong single plume at 102.5W
and 44N in South Dakota �5 h earlier.

5. Conclusion

[50] This paper presents the finest observations, to date, of
concentric GWs in the MLT. The observations were made
with an all-sky OH imager near Fort Collins, Colorado, on
the night of 08 September 2005, and lasted for nearly 6 h. By
comparing these observations with GOES IR satellite ima-
ges and NEXRAD radar maps, we find that the epicenters of
the concentric rings overlay well with the strong convective
plumes; therefore, these GWs were generated by multiple
severe thunderstorms hundreds of kilometers apart on the
Great Plain. The strongest thunderstorms were located in
northeastern Colorado, western Nebraska, and southwestern
South Dakota. We also find that the GWs closely followed
the thunderstorms; in particular, GWs were observed tens of
minutes after the onset of strong updrafts. Hailstorms were
reported near the epicenters of the GWs.
[51] Unlike the simpler 11 May 2004 event described in

Y09, because deep convection was long-lasting and
occurred in many locations, the GWs from different updrafts
constructively or destructively interfered with each other.
The observed GWs have lh � 15–35 km, t � 7–12 min,
ch � 20–80 m/s at radii of R � 80–300 km from their
sources. We find that the time evolution of the observed
wave parameters obeys the GW dispersion relation; GWs at
the same radii with shorter horizontal wavelengths have
smaller vertical group velocities, therefore reach the airglow
layer later than waves with longer wavelengths. Using the
background horizontal wind measurement by a local MF
radar, we calculate their vertical wavelengths, propagation
times, and temperature perturbations. We estimate tempera-
ture perturbations of �1–3% for the GWs at z = 86 km from
strong convective clusters.
[52] We also modeled the excitation and propagation of

GWs excited by deep convective plumes during the 8-h period
from 0100 to 0900 UT. The plume parameters, locations, and
times of these convective objects were identified from GOES
satellite images, and the updraft velocities were calculated
from CAPE maps. We used a convective plume model to
generate GWs from these convective objects, then ray-traced
them from the tropopause to the OH airglow layer through a
background model (based on radiosonde/TIME-GCM data)
and zero wind. We then reconstructed the GW temperature
perturbations, and computed the approximate OH intensity
perturbations using an analytic formula for the cancellation
factor. We find that the results agree well with the observa-
tions when using the model background winds, especially at
late times (after 0530 UT) when SWward-propagating GWs
with small horizontal wavelengths and high frequencies
reached the OH airglow. These GWs were found to propa-
gate against the wind. The zero wind results showed no
evidence of these GWs. The appearance of these small-scale
GWs in the model wind case was found to be due to 1) the
increase of the temperature perturbations when w′ decreases
because the GWs are nearing reflection, and 2) to the
enhanced vertical wavelengths from this Doppler-shifting,
which causes an enhanced CF and larger intensity perturba-
tions. This effect is important when GWs propagate against
the background wind, thereby increasing |lz| to be >10 km.
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Figure 16. (a–f) Results at 0800 UT and z = 86 km for ray tracing the excited GWs from the cluster
at 101W, 44 N, and 0325 UT through the background wind model. I ′=I (Figure 16a) and I ′=I at 42N
(Figure 16b), T ′=T at 42N (Figure 16c), average observed (ch, solid) and intrinsic (cIh, dashed) phase
speeds at 42N (Figure 16d), average observed (t, solid) and intrinsic (tI, dashed) wave periods at 42N
(Figure 16e), average vertical wavelength (|lz|, solid line) and horizontal wavelength (lh, dashed line) at
42N (Figure 15f). (g–l) Same as Figures 16a–16f but for the single plume at 102.5W, 44.0N, and 0305 UT.
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[53] We then reverse ray traced these late-time, SWward
propagating GWs from 105W and 42N, and found they
originated 5 h earlier from a deep convective plume in
S. Dakota. These results therefore confirm the possibility
that some of the small-scale GWs observed in the OH layer
can propagate directly from the tropopause. (Other possi-
bilities for these small-scale GWs is that they are created
from nearby GW breaking, or are ducted within the meso-
pause region from a more remote location.)
[54] The Great Plain is an ideal location to observe con-

vectively generated GWs [Y09; Hoffmann and Alexander,
2010]. Concentric GWs are particularly useful for GW
studies, if available, because there is less influence from
background winds. If the background winds are strong, then
convectively generated GWs will appear instead as planar
waves in the OH images. In the later case, planar waves can
also be useful if the winds between the tropopause and
mesopause are known reasonably well. Coordinated ground-
based airglow and space-born observations of concentric
GWs can yield further information on the amplitudes
and parameters of GWs excited by deep convection, and
their effects at higher altitudes. For example, at 0800 UT
on 03 June 2008, the same groups of concentric GWs
were concurrently observed by the YR airglow imager (see
Figure 2 of Y09) and the Atmospheric Infrared Sounder
(AIRS) [Hoffmann and Alexander, 2010; L. Hoffmann,
personal communication, 2011]. This is left for future study.
[55] To accurately model the convective GWs propagating

into the MLT, hourly background wind information is
desired. Most radiosondes launch twice a day, and the
empirical or first principle models such as the TIME-GCM
are not able to accurately predict the day-to-day and hour-to-
hour wind variations. Yet the accuracy of the ray-trace
results is limited by the accuracy of the background wind
model. Concurrent wind measurements extending from the
ground to the MLT, such as Mie/Rayleigh/Doppler/
resonance lidars [Baumgarten, 2010], will help dramatically
improve the accuracy of the GW ray-trace model results.
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