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Abstract Five concentric atmospheric gravity wave (AGW) events have been identified in Polar Mesospheric
Cloud (PMC) images of the summer mesopause region (~82–84 km) made by the Cloud Imaging and
Particle Size (CIPS) instrument on board the Aeronomy of Ice in the Mesosphere satellite during the
Northern Hemisphere 2007 and 2009 PMC seasons. The AGWs modulate the PMC albedo, ice water content,
and particle size, creating concentric ring patterns. On only one occasion (13 July 2007), the concentric AGWs in
PMCs were aligned with AGWs with similar shapes observed in 4.3 μm radiance in the lower stratosphere, as
measured by Atmospheric Infrared Sounder (AIRS). Coincident AIRS and Infrared Atmospheric Sounding
Interferometer nadir measurements of 8.1 μm radiance reveal a region of deep convection in the troposphere
close to the estimated centers of the AGWs in the stratosphere, strongly suggesting that convection is the wave
source. The AGWs in CIPS on 13 July 2007 were ~1000 km away from the observed deep convection. Three
other concentric AGWs in PMCs were 500–1000 km away from deep convection in the troposphere, while
no convection was observed related to the wave on 29 July 2009. We perform a 2-D ray tracing study for the
AGW event on 13 July 2007. The calculated propagation distance is much shorter than the distance between
the AGWs in PMCs and the observed convection. The 2-D ray tracing study indicates that the AGWs in PMCs
and in the stratosphere are probably excited by different tropospheric convective systems.

1. Introduction

Noctilucent clouds (NLCs, for ground-based observations) or polar mesospheric clouds (PMCs, for space
observations) are tenuous ice clouds observed in the cold summer mesopause region at ~82–84km, and form
when the temperature drops below ~150K. For over 100 years, NLCs have been sighted from the ground at
latitudes of 50–65° during twilight hours when the solar depression angle ranges from~6 to 15° [e.g.,Witt, 1962;
Gadsden and Schröder, 1989; Thomas, 1991]. NLCs display a variety of complex spatial structures, reflecting the
broad spectrum of dynamics in the polar summer mesosphere. For example, bands, defined as long parallel
streaks [Haurwitz and Fogle, 1969; Gadsden and Parviainen, 1995; Taylor et al., 2011], are similar to the bands
commonly observed in the mesospheric airglow emissions [e.g., Taylor, 1986]. They are caused by upward
propagating or ducted atmospheric gravity waves (AGWs) that modulate the PMCs or nightglow emissions
[Hines, 1968]. Another commonly seen PMC feature, billows, defined as small-scale wave patterns with
horizontal spacing of 3–10 km, are considered as dynamical or convective instabilities that are created by
strong localized regions of wind shear or by breaking AGWs [Fritts et al., 1993].

From space, PMCs can be viewed at any local time with extensive spatial coverage. Since the launch of the
NASA Aeronomy of Ice in the Mesosphere (AIM) satellite in April 2007 [Russell et al., 2009], ultraviolet (UV)
images of PMCs with high spatial resolution have been taken by the Cloud Imaging and Particle Size (CIPS)
instrument [McClintock et al., 2009] on board AIM. This has led to the discovery of previously unobserved PMC
structures and allowed the study of PMC morphology in finer detail. Other than the known Type I, II, and IV
types (i.e., Veils, Bands, and Whirls) of NLCs [Gadsden and Parviainen, 1995], structures such as “Voids,” “Ice
Rings,” “Fronts,” and “Vortex-like structures” have also been identified in these space-based images [Rusch et al.,
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2009; Thurairajah et al., 2012]. Fronts structures have also been observed in NLCs using ground-based images
[Dubietis et al., 2011; Dalin et al., 2013].

This paper focuses on the study of one particular type of AGW, concentric AGWs, observed in PMCs by CIPS.
Concentric AGWs have been observed in mesopause nightglow emissions from ground-based airglow imagers
[e.g.,Taylor and Haphood, 1988; Sentman et al., 2003; Suzuki et al., 2007; Yue et al., 2009] and in the 4.3 and 15 μm
CO2 radiance images in the stratosphere from satellites [e.g.,Dewan et al., 1998; Alexander and Teitelbaum, 2007;
Eckerman et al., 2007; Hoffmann and Alexander, 2010; Gong et al., 2012]. Because of their (partially) circular
shapes, concentric AGWs are often associated with sources that exhibit approximate cylindrical symmetry, such
as deep convection in the troposphere [e.g., Taylor and Haphood, 1988; Dewan et al., 1998; Yue et al., 2009;
Hoffmann and Alexander, 2010] or earthquakes and tsunamis [Tsugawa et al., 2011]. Recently, Yue et al. [2013]
reported concurrent convective AGWs in the stratosphere and the mesopause region using joint observations
by an airglow imager in Colorado and the Atmosphere Infrared Sounder (AIRS) on board the NASA Aqua
satellite. Ground-based airglow imager observations in the mesosphere may be hindered by cloudy weather
associated with the AGW-genesis deep convection, whereas AIRS favorably observes large-scale AGWs. CIPS
provides PMC images with an unprecedented high spatial resolution (5 km) and allows the study of small-scale
concentric AGW structures embedded in PMCs from space without the interference of bad weather.

In this paper, we report five concentric AGW events in PMCs observed by CIPS during the 2007 and 2009
Northern Hemisphere (NH) PMC seasons. Their possible convective sources are investigated using the AIRS
and Infrared Atmospheric Sounding Interferometer (IASI) data. We present the first use of multisatellite data
to study the coupling between the troposphere, stratosphere, and polar mesosphere via excitation and
propagation of AGWs. The results from a 2-D ray tracing model are compared to the observations.

2. Instrumentation
2.1. CIPS

AIM is in a near-circular (~600 km altitude), 12:00A.M./P.M. Sun-synchronous polar orbit [Russell et al., 2009]. On
board AIM, CIPS, a nadir-viewing panoramic imager, consists of an array of four charge-coupled device cameras
each with detector filters centered at 265nm with a 15 nm passband and having a 120°× 80° combined field
of view. A detailed description of the CIPS instrument was given by McClintock et al. [2009]. CIPS images are
~1000 km across track by ~2000 km along track. Twenty-seven overlapping images are combined to yield
orbit swaths that span ~9000 km in length. Approximately 15 PMC swaths are obtained each day, covering
the polar cap between ~65° and 85° latitude. Because of the noon-midnight Sun-synchronous geometry of
the AIM orbit, only two local solar times (LST)—around 22:00 LST and 14:00 LST—are sampled except for the
highest latitudes where the satellite transitions between the ascending and descending nodes [Lumpe et al., 2013].

PMC properties from the version 4.20, level 2 data (albedo, particle radius, and ice water content (IWC)) with
25 km2 spatial resolution are used in this study. The Rayleigh scattered background is removed from the total
radiance to retrieve the PMC scattered radiance [Bailey et al., 2009; Lumpe et al., 2013]. Detailed descriptions of the
data products and retrieval and calibration algorithms can be found at the CIPSwebsite: http://lasp.colorado.edu/
aim/documentation.html. The CIPS albedo data analyzed here are defined as the ratio of the PMC scattered
radiance to the incoming solar irradiance. The solar irradiance used in producing the CIPS database was
calculated by integrating the Upper Atmosphere Research Satellite SoLar Stellar Irradiance Comparison
Experiment spectrum (http://lasp.colorado.edu/lisird/uars/uars_ssi/index.html) [Rottman andWoods, 1994] over
the CIPS bandpass. IWC is defined as the cloud ice mass per unit area of atmospheric air. Retrieved particle
radius is defined as the mean radius for a Gaussian distribution of particles. An error analysis of CIPS
measurements has been provided by Lumpe et al. [2013]. CIPS data evaluation is described by Benze et al. [2009,
2011]. Because of the finite thickness of the OH layer (8–9 km), airglow perturbations caused by short AGWs
partially cancel out [Swenson and Gardner, 1998]. As the PMC layer is thinner (~5 km depth) [Hervig and Gordley,
2010], an advantage of the CIPS measurement over airglow imagers is that AGWs with shorter vertical
wavelengths (<10 km) can be observedwithout cancelation betweendifferent wave phases at different heights.

2.2. AIRS and IASI

Like AIM, the Aqua satellite operates in a Sun-synchronous, near polar orbit at an altitude of 705 km. AIRS, a
grating spectrometer, measures the thermal emission of atmospheric constituents in the nadir and sublimb
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viewing geometry [Aumann et al., 2003]. In this current study, a subset of 42 AIRS channels covering the 4.3 μm
CO2 fundamental band is used to search for convective AGWs in the stratosphere near 30–40 km
[Hoffmann and Alexander, 2010; Hoffmann et al., 2013; Yue et al., 2013]. The vertical weighting function for
these channels has a full width half maximum of ~ 25 km. However, due to the low noise of the averaged
4.3 μm radiances, AGWs with vertical wavelengths as short as 10–15 km can be detected. Compared to
CIPS, AIRS has a coarser spatial resolution and only AGWs with horizontal wavelengths longer than ~50 km
can be seen. A detailed description of the AIRS measurements of stratospheric AGWs can be found in
Hoffmann and Alexander [2010] and Hoffmann et al. [2013]. Furthermore, AIRS brightness temperature
measurements at 8.1 μm (1231 cm�1) can be compared to the tropopause temperature to identify deep
convection [Aumann et al., 2006; Hoffmann and Alexander, 2010; Yue et al., 2013]. This is an efficient way to
search for convective sources in remote regions or over the ocean where Doppler weather radar data are
not available [Yue et al., 2013]. For the AIRS nadir track, the equatorial crossing occurs at 13:30 LST
(ascending orbit) and 01:30 LST (descending orbit).

To search for convective plumes at other local times, the 8.1 μm radiance measurements by IASI on the
Meteorological Operation (MetOp)-A satellite [Hilton et al., 2012] are analyzed in the same way as AIRS.
As Aqua is in the afternoon orbit, MetOp provides coverage in the Sun-synchronous morning orbit.

Figure 1. CIPS PMC albedo images (in units of 10�6 sr�1) showing concentric AGWs in northern summers 2007 and 2009.
The sizes of the images and the color scales have each been scaled differently to emphasize the concentric AGW structures.
The characteristics of these AGWs are given in Table 1. (a–e) Wave events 1–5. In Figure 1b, there are two groups of AGWs
overlaying on each other, denoted by A (red) and B (green).
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The equator crossing time for the descending node is 09:30 LSTand 21:30 LST for the ascending node. Because the
IASI 4.3 μmmeasurements are ~3 times noisier than AIRS, convective AGWs cannot be clearly detected by IASI.

3. Observations

In the CIPS images, concentric AGWs are identified as coherent rings or extended arcs with at least two
visible wave crests (bright albedo structures) that show large angular curvatures (>30°). This differentiates

Table 1. Observation Times and Locations of the Concentric AGW Events in CIPS in 2007 and 2009a

Orbit Number Approximate Location Approximate Time Near AGWs (UT) Dominant Azimuth λH (km)b AALB (× 10�6 sr�1)c AIWC (g/km2)d

(1) 832 79°N, 75°E 20 June (day 171) 2007 15:46 N-NE 70 5 (33%) 24 (29%)
(2) 1172e 80°N, 150°E 13 July (day 194) 2007 11:10 E 120–150 N/A N/A
(3) 1423 76°N, 110°E 30 July (day 211) 2007 07:21 S-E 30 3 (20%) 19 (22%)
(4) 11996 77°N, 78°E 8 July (day 189) 2009 10:28 E 35 4 (31%) 29 (27%)
(5) 12313 81°N, 60°E 29 July (day 210) 2009 16:35 S 35 3 (12%) 33 (20%)

aTheir estimated horizontal wavelengths and wave amplitudes are also tabulated. Values in the brackets are percentages relative to the mean albedo and IWC
within the AGW fields.

bλH, Dominant horizontal wavelength (± 5 km).
cAALB, Wave amplitudes of AGWs in PMC albedo (1 × 10�6 sr�1).
dAIWC, Wave amplitudes of AGW in ice water content (g/km2).
eMore than one center determined as discussed in the text.

Figure 2. CIPS PMC ice water content images (g/km2) showing concentric AGWs in northern summer 2007 and 2009 on the
same maps as Figure 1. (a–e) Wave events 1–5.
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concentric AGWs from the recently discovered “ice rings” and “voids,”which do not have coherent multiple
concentric wave crests [Rusch et al., 2009; Thurairajah et al., 2012]. Based on a visual inspection of all the
CIPS images between 2007 and 2012, five obvious concentric AGW events have been identified in 5 days in
the 2007 and 2009 NH PMC seasons. (We have not yet found these concentric AGW events in the Southern
Hemisphere (SH) or during the 2008 and 2010–2012 NH PMC seasons.) We note that none of the AGWs in
Figure 1 are ideal circular structures or complete circles or ellipses. This indicates that both the wind
filtering effect and source geometry effect might determine the final shape of the concentric AGWs in
PMCs [e.g., Alexander et al., 1995; Vadas et al., 2009].

Table 1 lists their locations, estimated observational times, azimuths, and measured horizontal wavelengths.
These events are identified by numbers 1–5 in the table. Figure 1 shows these five concentric wave patterns
in the CIPS albedo images. Note that Taylor et al. [2011] first reported the AGWs in Figure 1b and suggested
the possibility of determining their point sources. Thurairajah et al. [2012] also suggested that although the
AGWs in Figure 1c look like billows, their horizontal wavelengths are much longer than the typical short
wavelength of billows (i.e., <10 km), and thus identified them as small-scale waves. The observed concentric
AGWs propagate either eastward or northward/southward. Since the background meridional wind is weak
and the zonal wind is westward in northern summer [e.g., Yue et al., 2009], westward propagating AGWs
would have been filtered by the mean wind.

AGWs in event #1 (Figure 1a) only have two visible wave crests (enclosed by the red oval). There are dim PMCs
inside the concentric AGWs. The AGWs in event #2 (Figure 1b) are more complex and the outer arcs are not
aligned with the inner arcs. Two groups of AGWs overlay each other, denoted by A and B in Figure 1b.
Therefore, these AGWs have different apparent centers suggesting they were excited by different point
sources. The horizontal wavelengths of AGWs A and B range from 120 to 150 km. In Figures 1c–1e (events #3,
#4, and #5), the concentric AGWs exhibit very coherent patterns with multiple wave crests. Thus, their
horizontal wavelengths, as short as 30 ± 5 km, can bemeasured with good accuracy (Table 1). Table 1 also lists

Figure 3. CIPS PMC particle radius (nm) showing concentric AGWs in northern summer 2009. (a) Wave event 4 and (b) wave
event 5.

Figure 4. CIPS albedo and particle radius for orbit 12312 (wave event 5) at ~14:36 UT on 29 July 2009.
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the individual absolute and relative wave amplitudes of the AGWs in the PMC Albedo and IWC. The average
wave amplitudes of the PMC albedo images in Figures 1c–1e are approximately 3 × 10�6 sr�1 or ~ 20% of the
mean albedo over the entire wave field. The “NA” for albedo and IWC measurements in Table 1 is due to
overlapping rings; accurate characterization of these parameters is difficult.

Concentric AGWs in the PMC IWC are illustrated in Figure 2. By comparing to Figure 1, we can see that IWC is
modulated by the AGWswith the same phase as the PMC albedo; i.e., the wave crests of the PMC albedo and IWC
occur at the same locations. For AGW events #3, #4, and #5, the average amplitudes of AGWs in height integrated
IWC are about 26g/km2 or 23% of the mean IWC. Figure 3 shows the PMC particle radius modulated by the AGW
for events #4 and #5. The wavemodulations in particle radius for the other three concentric AGWs events are not
visually obvious. The average amplitude of particle radius modulation on 8 July 2009 and 29 July 2009 is 6 nm or
15%. Occasionally the same concentric AGWs can be seen in consecutive orbits, ~90min apart. For example,
Figure 4 shows CIPS orbit 12312 on 29 July 2009 around 14:30 UT. The concentric AGWs shown here at ~83°N and
60–90°E are the same as those for wave event #5 shown in Figures 1e and 3b for orbit 12313 at ~16:35 UT.

We have used the AIRS and IASI data to identify convective sources that possibly excited the concentric AGWs
in PMCs. Figure 5 shows the AIRS brightness temperature at 4.3 μm and 8.1 μm on 13 July 2007 at three

Figure 5. AIRS brightness temperature observations at (left column) 8.1 μmand (right column) 4.3 μmover Siberia (90°E–180°E,
50°N–90°N) on 13 July 2007. High clouds (yellow regions) are highlighted by red circles.
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different times. The top left panel of the 8.1 μm brightness temperature illustrates the existence of cold
(<225 K), high clouds (highlighted by the red circle) over central Siberia (~140°E, 70–75°N) at 00:00–01:40 UT.
The climatological tropopause temperature is 225 K in the summer Arctic region [Highwood et al., 2000]. Thus,
clouds colder than 225 K (area in yellow color) likely penetrated the tropopause. The middle left panel shows

that the convective system moved
to the north and east ~15 h later.
The middle right panel showing the
4.3 μm brightness temperature
perturbation displays concentric
AGWs emanating eastward (E) and
northeastward (NE) at ~30–40 km
altitude during 15:00–16:40 UT over
eastern Siberia with estimated
centers near the convective system.
The horizontal wavelengths of the
outermost AGWs are as large as
~200–400 km. The lower left panel
not only shows the same cold clouds
at 150°E but also another convective
cell south of 60°N at 16:40–18:20 UT.
Concentric AGWs are also seen
over southern Siberia. Figure 5
demonstrates that the large
convective system over Siberia
lasted from 00:00 to 18:00 UT on 13
July 2007 and continuously excited
concentric AGWs propagating into
the stratosphere. We note here that
although thunderstorms occur less
frequently at high latitudes as
compared to the tropics and
midlatitudes, there are still plenty of
convective events happening in the
Siberia summer, especially in July
[Mullayarov et al., 2009, 2010].
Figure 1b shows similar concentric
AGWs in PMCs at 11:10 UT on the
same day that were aligned with the

Figure 6. IASI observations of brightness temperature at 8.1 μm projected onto the same map as Figure 5 on 13 July 2007.

Figure 7. Three panels showing the coupling of the troposphere and polar
mesopause via the excitation and propagation of AGWs on 13 July 2007. (top)
IASI brightness temperature at 8.1 μm at 09:00–10:40 UT, (middle) AIRS bright-
ness temperature at 4.3 μm at 15:00–16:40 UT, (bottom) CIPS albedo image for
event 2 on orbit 1172 (the same orbit as Figure 1b) around 11:10 UT in the
northern polar region.
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stratospheric AGWs in Figure 5, but with different apparent centers. To search for coincident high convective
clouds responsible for these AGWs in PMCs, Figure 6 shows the IASI observations of brightness temperature
at 8.1 μm on 13 July 2007. Another deep convection system south of 60°N is also clearly shown in the IASI
image at 12:20–14:00 UT.

We overlay the plots from Figures 1, 5, and 6 for wave event #2 at different layers in Figure 7 to illustrate the
troposphere-stratosphere-mesosphere coupling via the excitation and propagation of convective AGWs. The top
panel of Figure 7 shows the CIPS albedo around 11:00 UT. The middle panel indicates AGW activity in the
stratosphere at 15:00–16:40 UT, and the bottom panel suggests high clouds in the troposphere at 09:00–10:40 UT.
Most likely, hadAIRS observed this region earlier (i.e., around 11UT), it would still have seen the stratospheric AGWs.
Figure 7 illustrates that the concentric AGWs in CIPS alignwell with the stratospheric AGWs in AIRS. Bothwavefronts
were emanating eastward and northeastward. However, the estimated center for the waves in PMCs (70°–80°)
is further north of the center for the stratospheric waves (~65°). And the AGWs in the mesosphere were observed
4–5h earlier by CIPS than those in the stratosphere by AIRS. This indicates that both AGWs are likely propagating
upward from convective sources, but they were not excited by the same convective system. The propagation of
AGWs through different layers was also investigated numerically using a ray tracing model (see section 4).

The IASI 8.1 μm measurements were also used to search for deep convection related to the concentric
AGWs seen in CIPS with better temporal coincidence. Except for AGW event #5 on 29 July 2009,
simultaneous deep convective clouds that are colder than 225 K are found 500–1000 km away from the
estimated AGW centers (not shown). Neither AIRS nor IASI observations show evidence for convection
anywhere in the northern polar region during the AGW #5 event on 29 July 2009.

4. Linear 2-D Ray Tracing of AGWs

To further understand the AGWpropagation from the tropopause into the uppermesosphere, we apply a linear
ray trace 2-D model to wave event #2 that occurred on 13 July 2007. Yue et al. [2013] used the same model to
study the propagation of concentric AGWs seen by an airglow imager and AIRS. The model was first described
in Alexander [1996, 1998]. The model includes the dispersion relation with the effects of rotation at low
frequencies and nonhydrostatic effects at higher frequencies. The background atmosphere is composed of
reanalysis and model data. Figure 8a shows temperature profiles assembled from CIRA-86 (The Committee on
Space Research International Reference Atmosphere) above 50km and ERA-Interim for 13 July 2007 below
50 km. Figure 8b shows the zonal and meridional winds, composed of ERA-Interim below 50 km and
National Center for Atmospheric Research Thermosphere-Ionosphere-Mesosphere-Electrodynamics
General Circulation Model (TIME-GCM) July climatology for wind above 50 km [Roble, 1995].

(a) (b)

Figure 8. Profiles of (a) temperature and (b) zonal (black) and meridional (grey) winds on 13 July 2007. The temperature
profile is composed of the CIRA-86 profile above 50 km and the average of ERA-Interim data at 135–180°E and 60–70°N
at 12 h below 50 km. The wind profiles are resembled by ERA-Interim below 50 km and TIME-GCM July climatology wind
above 50 km. The black line at 11 km denotes the AGW launch level. The two black lines at 30 and 40 km indicate a layer
where the 4.3 μm CO2 band becomes optically thick and the AIRS brightness temperatures are measured. The black line at
82 km denotes the height of the PMC layer.
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Six monochromatic eastward propagating AGWs are launched above the tropopause at 11 km in the model.
Theoretical considerations and calculations are designed to constrain the ray tracing parameters. Due to the
strong westward wind in Figure 8, only eastward propagating waves with fairly high phase speeds and long
enough vertical wavelengths are visible in the AIRS data in the stratosphere [Hoffmann and Alexander, 2010].
The horizontal wavelengths are selected as 120 km (CIPS observed AGWs), and 200 km and 400 km (AIRS
AGWs). To estimate the vertical wavelength, we assume the convective source extends over approximately the
full depth of the troposphere or ~ 11km. Thus, the deepest tropospheric vertical wavelengths λz emanating
from the convective source are estimated to be 22 km (2 × 11 km) to 44 km (4 × 11 km) [Holton et al., 2002].
When these waves cross the tropopause, their vertical wavelengths decrease by a factor of 2 =Ns/Nt, where
Ns = 0.02 s

�1 (stratospheric buoyancy frequency) and Nt = 0.01 s�1 (tropospheric buoyancy frequency). This
follows from the simplified dispersion relation for medium frequency AGWs [Fritts and Alexander, 2003],

mj j ¼ N
ĉhj j (1)

wherem= 2π/λz is the vertical wave number, and ĉh is the intrinsic phase speed. At the launch level above the
tropopause, we assume vertical wavelengths ranging from 11 to 22 km for some of the fastest waves. We
choose two vertical wavelengths, 11 km and 22 km for the calculations and used themedium frequency AGW
dispersion relationship,

ω2 ¼ N2k2 þ f 2 m2 þ α2ð Þ
m2 þ k2 þ α2

(2)

where α = 1/2H, H=7 km (scale height), f=2Ωsin(65°) (Coriolis parameter = 1.322 × 10�4 s�1), k is horizontal
wave number (2π/120 km, 2π/200 km, and 2π/400 km), and ω is intrinsic frequency. Taking the background

Table 2. Ground-Based Phase Speeds c0, Ground-Based Periods 2π/ω0, Vertical Wavelengths 2π/mL, and Horizontal
Wavelengths 2π/k Used for Six AGWs Launched at the Tropopause in the Ray Tracing Simulation

Horizontal Wavelengths 2π/k

Vertical Wavelengths 2π/mL

11 km 22 km

120 km c0 = 45m/s, 2π/ω0 = 44min c0 = 77m/s, 2π/ω0 = 26min
200 km c0 = 45m/s, 2π/ω0 = 74min c0 = 78m/s, 2π/ω0 = 43min
400 km c0 = 46m/s, 2π/ω0 = 146min c0 = 78m/s, 2π/ω0 = 85min

(a) Propagation distance (km) (b) Propagation time (min)

Figure 9. (a) Horizontal propagation distance and (b) propagation time from the launch level to the upper mesosphere for
six AGWs. The parameters for these AGWs are displayed below. AGWs with the same horizontal wavelength but different
vertical wavelengths (11 km and 22 km) have the same color.
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zonal wind at launch level as UL = 10m/s, the ground-based phase speeds and ground-based periods can be
calculated as indicated in Table 2. A reasonable range of ground-based phase speed is 45–78m/s, which
enables the detection of AGWs by AIRS.

Figure 9 exhibits the horizontal propagation distances and propagation times to shed some light on the
spatial and temporal relationships between the AIRS and CIPS observed AGWs and high clouds. For the run
with 44 min period and horizontal wavelength of 120 km, the AGW travels horizontally about 300 km from
the source to the PMC layer in about 120 min, as shown in Figure 9a. Thus, the AGWs observed by CIPS at
~11 UT were likely excited around 9 UT. On the other hand, the travel distance is too short compared to
the actual distance of ~1000 km between the AGWs in CIPS and the convective source. This discrepancy
will be discussed in the next section. Moreover, it takes as long as ~600–800 km and 220–280min (or about
4 h) for the 400 km and 146 min AGWs (the outermost waves in the middle panel of Figure 7) traveling from
the tropopause to the CO2 layer. The AGWs observed by AIRS at 15:00–16:40 UT were likely excited at
~11:00–12:40 UT.

As for circular waves, the wind relative to the wave propagating azimuth (listed in Table 1) could be
important. We performed further sensitivity studies to examine the observed wave propagation deviating
from the eastward direction. Figure 10 shows the propagation time and distance for the northeastward and

(a) (b)

(c) (d)

Figure 10. (a and c) Horizontal propagation distance and (b and d) propagation time from the launch level to the upper
mesosphere for the same six AGWs in Figure 9. Figures 10a and 10b for northeastward propagating waves, Figures 10c
and 10d for northward propagating waves. AGWs with the same horizontal wavelength but different vertical wavelengths
(11 km and 22 km) have the same color.
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northward propagating AGWs but with the same wave parameters. The propagation time and distance for
the northeastward waves are slightly greater than those going eastward. On the other hand, the northward
waves travel ~50% longer distance and time compared to the eastward waves. Nevertheless, various
propagation distances associated with different propagation directions cannot account for the discrepancies
between the location of the convective sources and the concentric AGW event #2 in PMCs.

5. Discussion

Ever since, it was recognized that the association of concentric AGWs in the stratospheric CO2 radiance
[Dewan et al., 1998] and airglow emissions in the mesosphere and lower thermosphere (MLT) [Taylor and
Haphood, 1988] is associated with strong isolated thunderstorm activity, subsequent concentric wave
studies have always shown strong correlation, both spatially and temporally, with underlying deep
convection [e.g., Dewan et al., 1998; Sentman et al., 2003; Suzuki et al., 2007; Hoffmann and Alexander, 2010;
Grimsdell et al., 2010; Yue et al., 2009, 2013; Vadas et al., 2012]. This correlation has also been demonstrated
using numerical models [e.g., Grimsdell et al., 2010; Yue et al., 2013; Vadas et al., 2012]. However, in this
paper, we have discovered a few mesospheric concentric AGWs (e.g., wave event 5) in the Arctic far
away from tropospheric convection even though we have used two satellite data sets with broader local
time coverage (AIRS and IASI). On the other hand, the temporal and spatial correlation between the
stratospheric AGWs in AIRS measurements and deep convection in AIRS and IASI is evident. Given a low
time and spatial resolution of the AIRS and IASI images (several hours apart), it is possible that there was a
small convective event near 75°N, 130°E at 09:00 UT, which was missed by AIRS and IASI. In this case, the
horizontal travel distance to the mesopause would be about 300 km, with a propagation time of 120 min
that agrees very well with the blue model curve (44min, 120 km) in Figure 9. Thus, one can see that there
are large uncertainties in determining the position and time of the convective source due to low time
resolution of the AIRS and IASI data.

Another possible reason for the absence of convective sources near concentric AGWs is simply that there
might exist other unknown concentric AGW sources in the polar region. One candidate is large earthquakes/
tsunamis [Tsugawa et al., 2011]. However, there were no major earthquakes in the Arctic during these 6 days
shown in the U. S. Geological Survey database (http://earthquake.usgs.gov). Another possible source is
secondary AGWs from the breaking of primary AGWs [Zhou et al., 2002]. But the breaking of primary AGWs
may not necessarily form a point source. More substantial observational work is necessary to reveal if there
are any unidentified AGW sources in the polar regions.

6. Conclusions

In this paper, we present new observations of concentric AGWs in simultaneous CIPS images of PMC albedo,
IWC, and particle radius. Altogether there were five obvious concentric ring events detected in the 2007
and 2009 NH PMC seasons. No similar events were found in the SH or during other years. It is possible that
there are other concentric AGWs in CIPS albedo images that are too dim to be easily identified by visual
inspection of the images. The five AGWs exhibited horizontal wavelengths varying from 30 to 120 km,
which are typical of short and medium period AGW observed in the MLT nocturnal airglow emissions [e.g.,
Ejiri et al., 2003]. The AGW events #3, #4, and #5 on 30 July 2007, 8 July 2009, and 29 July 2009 are more
coherent. They have average amplitudes of 3 × 10�6 sr�1, 26 g/km2, and 6 nm in albedo, IWC, and particle
radius, respectively. AGWs (event #2) on 13 July 2007 have two apparent centers.

We have investigated the possible upper troposphere convective origin of the concentric AGW event #2 on
13 July 2007 by inspecting concurrent AIRS and IASI images. Aligned circular wave patterns in both the AIRS
4.3 μm band at ~30–40 km and CIPS PMC images at ~82 km suggest the upward propagation of AGWs from
deep convection occurring in the troposphere over Siberia through the stratosphere into the mesopause
region. Linear ray tracing simulations were performed to show that stratospheric AGWs in AIRS are highly
correlated with the tropospheric convection. However, the AGWs in PMCs are too far away from the source
region to see a similar correlation. The absence of convective sources adjacent to other concentric AGW
events may have been due to another unidentified AGW source in the polar regions or simply incorrect
assumptions about the sources or propagation conditions.
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