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Abstract

The Cloud Imaging and Particle Size (CIPS) experiment is one of three instruments on board the
Aeronomy of Ice in the Mesosphere (AIM) spacecraft that was launched into a 600 km sun-synchronous
orbit on April 25, 2007. CIPS images have shown distinct wave patterns and structures in Polar
Mesospheric Clouds (PMC), around the summertime mesopause region, which are qualitatively similar to
structures seen in Noctilucent Clouds (NLC) from ground-based photographs. The structures in PMC are
generally considered to be manifestations of upward propagating atmospheric gravity waves (AGW).
Variability of AGW effects on PMC reported at several lidar sites has led to the notion of longitudinal
differences in this relationship. This study compares the longitudinal variability in the CIPS observed
wave occurrence frequency with CIPS measured PMC occurrence frequency and albedo along with
mesospheric temperatures measured by the Sounding of the Atmosphere using Broadband Emission
Radiometry (SABER) instrument on board the Thermosphere-lonosphere-Mesosphere-Energetics and
Dynamics (TIMED) spacecraft. Our results for the latitude ranges between 70°-80° show a distinct anti-
correlation of wave structures with cloud occurrence frequency and correlations with temperature
perturbations for at least two of the four seasons analyzed, supporting the idea of gravity wave induced
cloud sublimation. The locations of the observed wave events show regions of high wave activity in both
hemispheres. In the northern hemisphere, while the longitudinal variability in observed wave structures
show changes from the 2007 to 2008 seasons, there exist regions of both low and high wave activity
common to the two seasons. These persistent features may explain some of the observed differences in
PMC activity reported by ground-based lidar instruments distributed at different longitudes. The
statistical distribution of horizontal scales increases with wavelength up to at least 250 km. We also
discuss the possibility of atmospheric tides, especially the nonmigrating semidiurnal tide, aliasing our

observations and affecting the results presented in this analysis.
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1. Introduction

Noctilucent clouds (NLC) or Polar Mesospheric Clouds (PMC) as they are known from space
based observations form in the cold summer mesopause region. This region is cooler than the winter
mesopause region by about 90 K, with mean temperatures between ~ 128 K at the mesopause and 150 K
at 82 km [Liibken, 1999]. For the pressure range representative of the mesopause, this is an environment
suitable for water ice formation. Rapp and Thomas [2006] provided a review of the microphysics of
PMC, and a model study describing a high sensitivity of PMC properties to temperature. Since the
pioneering work of Hines [1968], atmospheric gravity waves (AGW) have been known to be the main
cause of extensive band structures often evident in NLC. AGW are even more important in their role as
the driver for the cold summer mesopause temperatures. AGW disturbances mainly originate in the lower
atmosphere and propagate upwards, growing in amplitude due to decreasing atmospheric density,
eventually becoming unstable and breaking in the upper atmosphere. The generally-accepted theory is
that the momentum deposited during this process profoundly influences the mean zonal circulation
pattern in the upper atmosphere, opposite to that expected from radiative equilibrium. This in turn forces a
residual mean meridional circulation, upwelling and an adiabatic cooling that leads to the cold summer

mesopause [Leovy, 1964; Holton, 1983].

NLC often display distinct small-scale wave patterns termed billows, with horizontal spacing of
~3 to 10 km) while the larger-scale bands exhibit horizontal wavelengths typically > 30 km [Witt, 1962;
Fogle and Haurwitz, 1969; Gadsden and Parvianien, 1995]. Hines [1968] first proposed that structures
seen in NLC were the manifestation of AGW. Later modeling work by Fritts et al. [1993] has also
suggested that some small-scale mesospheric structures are likely secondary waves originating in
breaking AGW. The issue we address in this paper is the effect of these waves on PMC resulting in an
apparent longitudinal variability in PMC occurrences which is driven by a longitudinal variability in

AGW activity.



Turco et al. [1982] first developed a one-dimensional version of the CARMA (Community
Aerosol and Radiation Model for Atmospheres) model for NLC formation which included the effect of
AGW induced temperature variations. Jensen and Thomas [1994] and subsequently Rapp et al. [2002]
have used multi-dimensional version of the CARMA model to investigate the effect of large-scale
monochromatic AGW on PMC formation and evolution. Turco et al. [1982] and Jensen and Thomas
[1994] found that the net effect of wave-induced temperature perturbations is to decrease the cloud
albedo, since ice sublimation is much more rapid than ice crystal growth. They also proposed that mean
mesopause temperatures must be about 5 K colder for PMC to form in the presence of AGW than in their
absence. Rapp et al. [2002], using an updated version of the Jensen and Thomas model, showed that
AGW with periods longer than 6.5 hours can temporarily amplify PMC brightness while shorter period
waves produce the opposite effect. Using rocket sounding measurements they also showed that wave
associated temperature fluctuations as high as 6 K, 10 K and 20 K are present at altitudes of 80 km, 85 km

and 95 km, respectively.

Hecht et al. [1997] provided observational evidence of wave-induced sublimation in PMC from
lidar measurements made at Sondrestrom, Greenland. Gerrard et al. [1998, 2004] and Thayer et al. [2003]
provided evidence from lidar measurements at Sondrestrom (67°N), that short-period AGW activity in the
stratosphere is inversely proportional to PMC backscattering. Thayer et al [2003] also reproduced the
measured weaker PMC backscatter and thinner clouds using CARMA modeling which included short
period AGW. Conversely it should be noted that similar lidar measurements above Kiihlungsborn (54°N),
Germany [Gerding et al., 2007] ALOMAR (69.3°N), Norway [Schoch, 2007] and Davis (68.6°S),
Antarctica [Innis et al., 2008] showed no significant correlation between PMC brightness and
stratospheric AGW activity. Chu et al. [2009] have shown through lidar observations that PMC brightness
is negatively correlated with stratospheric AGW strength at Rothera (67.5°S) while no significant

correlation was found at the South Pole (90°S).



That an intimate relationship exists between AGW associated temperature variations and PMC
have been suspected for years, yet a detailed understanding of the relationship is still lacking. The
discrepancies of the PMC/AGW correlations between fixed lidar sites suggest that longitudinal/latitudinal
differences in the character of AGW may be responsible. Ground-based studies provide valuable
‘snapshots’, but what is needed are global scale measurements, possible only from space-based platforms.
The 5x5 km resolution images from the Cloud Imaging and Particle Size (CIPS) experiment, operating on
the AIM satellite [Russell et al., 2009], are taken daily over the entire polar cap and can provide the new
information to study these interactions, since they resolve most of the wave structures which affect PMC.
Thomas and Olivero [1989] investigated longitudinal variability in PMC from the Solar Mesospheric
Explorer (SME) data, but found no significant large-scale variations at latitudes poleward of 70° where
SME had 65% or more coverage. In the following sections we analyze CIPS images to search for periodic
structures in the PMC data during the 2007/2008 summer seasons. In section 2 we provide an overview of
the CIPS and Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) instruments.
In section 3 the wave detection algorithm and its limitations as well as the selection of the latitude region
for analysis are presented. We present results demonstrating the existence of longitudinal variability in
the occurrence of these periodic structures and show anti-correlations between this variability and cloud
properties measured by CIPS in section 4. We also show correlations with temperature measurements
made from the SABER experiment at PMC altitudes. In section 5 we discuss the possible causes for the
longitudinal variations in AGW activity and temperature and their effects on PMC formation and

evolution which can cause the large scale variations observed by CIPS.

2. Observations

2.1 CIPS

The CIPS instrument [McClintock et al., 2009] consists of four UV nadir imager cameras that

image the earth’s albedo with a bandpass centered at 265 nm and extending from 258nm to 274 nm (half-



power points). The four CIPS cameras have an overlapping field-of-view (FOV) of 120° (along orbit
track) x 80° (cross orbit track). The details of the CIPS instruments, camera configuration and first results
can be found in Rusch et al. [2009]. The four CIPS camera images are merged to form a single image
that is referred to as a ‘scene’ that has the shape of a bowtie when projected onto a spherical Earth
surface. CIPS cameras take an image every 43 seconds with an exposure time of ~ 1 second. On average
each CIPS camera takes 26 images per orbit over the sunlit summer polar region. The analysis of wave

structures in this paper uses images only from the most sunward viewing camera.

The pixels constituting a scene have a best resolution of 1 km by 2 km in the nadir. Data used in
this study are averaged to give a spatial resolution of ~ 5x5 km throughout the entire scene. In CIPS
images, Rayleigh scattering from the atmosphere constitutes a bright background and PMC are seen as
enhancements in the background albedo due to scattering from the ice cloud particles. Therefore accurate
removal of the Rayleigh scattered background is a critical aspect of the data processing needed for cloud
detection. The Rayleigh scattered background varies across the scene as a result of changes in both
scattering and viewing angles [Rusch et al., 2009]. Bailey et al., [2009] describe in detail a technique for

separation of PMC and Rayleigh radiances in CIPS observations.

A description of the various CIPS data products is available online from the AIM website at
http://aim.hamptonu.edu/library/documentation/instruments/cips/cips_docs.html. The data used in this
analysis for AGW detections is the level 1c format and the cloud occurrence frequencies are derived from
the level 4 format. We have normalized the albedo of the level 1c data used in this analysis for scattering
angle of 90° and a nadir (0°) view angle. This is accomplished by removing the sec(0) geometry factor to
account for the view angle dependence, and by assuming a Gaussian particle size distribution with
effective radius 60 nm and 14 nm half-width to account for the scattering angle dependence. This
assumption follows that of Rusch et al. [2009]. McClintock et al. [2009] describe the flat-fielding and
calibration of the CIPS images. Figure la and 1b are examples of two CIPS images with the Rayleigh

background removed. Figure 1a is an image taken at low latitude where no clouds are present. The albedo



values along a trace taken through the image, denoted by the dashed red line in figure la, and the
polynomial fit to the cloud albedo (in red) is plotted in figure lc. Figure 1b is an image of PMC that
contain multiple periodic structures. Four column-wise numbered traces denoted by red dashed lines are
used to derive the horizontal scales of the wave structures present in the image. The cloud albedo and
polynomial fit made to the albedo, along the longest trace, near the right edge of the image and denoted
by number one is plotted in figure 1d. A comparison of the albedo values in figure 1c and 1d illustrate the
quality of the background removal and flat fielding. We will provide an analysis of the wave structures in
figure 1b in section 3 and figure 2. The forward camera images are used to maximize PMC detection

capability, due to the strong forward-scattering behavior of PMC ice particles (Bailey et al, 2009).

2.2 SABER

SABER is one of four instruments onboard the TIMED satellite launched in December 2001
[Russell et al., 1999]. It is a 10 channel infrared limb scanning radiometer that produces altitude profiles
of temperature, chemistry and energetics parameters with 2 km vertical resolution every 58 seconds over
the range from ~180 km down to the upper tropopause. The analysis presented here is from Merkel et al.
[2009] and uses SABER v1.07 temperature data that have been validated to a level of ~2-3 K [Remsberg
et al., 2008]. Since temperature perturbations are being used for the analysis in this paper as opposed to
absolute values, the effects of any temperature biases in the SABER results will be negligible. The
latitudes viewed by SABER cover the ranges 52°S-83°N and 83°S-52°N. Because the TIMED satellite
orbit precesses by ~3° /day, the spacecraft must perform a yaw maneuver every ~ 63 days in order for the
SABER detectors to avoid viewing the sun. Unfortunately the yaw maneuver occurs in the middle of the
PMC season (provides data from about 35 days before solstice to about 25 days after) in each hemisphere.
This results in the availability of continuous temperature data only from before the start to the middle of
the PMC season. The observations presented in this paper are for 20-25 day periods centered around

solstice in each hemisphere. SABER measurements cover all LT through this period.



3. Wauve detection technique

An initial wave analysis technique for detection of AGW structure in CIPS PMC images was
presented in Chandran et al. [2009]. The technique consisted of first visually identifying quasi-
monochromatic wave structures in PMC, similar to structures seen from ground-based observations of
NLC. Chandran et al. [2009] shows examples of CIPS images with distinct wave structures in PMC
similar to figure 1b. In this paper we present results using an automated wave searching routine to detect
periodic structures in CIPS PMC images. This section describes the steps involved in the wave detection

process which is depicted in the form of a flowchart in Figure 3.

Traces across the camera image, which correspond to entire columns of pixels across the track of
the orbit, are analyzed systematically for periodic structures. This is done for every column and 10
equally spaced rows in the camera image. The first stage in the wave detection process is to fit a fourth-
order polynomial to the cloud data along the entire trace to estimate the underlying smooth PMC field.
Periodic perturbations from this smooth cloud field are considered to be caused by wave structures in the
PMC. The result of this polynomial fit is to act as a low pass filter, which is subtracted from the PMC
data leaving only the periodic structures [see Chandran et al., 2009]. As described in the previous section,
figure 1d shows the albedo values and the fourth-order polynomial fit to this data from the trace
numbered 1" near the right edge of the CIPS image in figure 1b. The residual, after subtraction of the
polynomial fit, is then calculated. Through trial and error, we found that the strongest visually evident
quasi-monochromatic waves make perturbations in cloud albedo above 15 x 10 s, while perturbations
less than 5 x 10 sr™! are possibly camera artifacts, which includes pixel to pixel variations in the camera
sensitivity and the associated variations in brightness across the surface of the image, that might be
detected as periodic structures. Hence for this analysis, results of AGW detections are for a threshold
value of 10 x 10° sr! for the mean albedo value of the residual, while the error bars on the wave

detections are for thresholds value ranging from 5 x 10 st to 15 x 10 sr’. Our threshold for wave



detection is conservative, since the CIPS detection threshold for PMC is a few x 10 s (Bailey et al,

2009, Rusch et al, 2009, McClintock et al, 2009)

A wavelet analysis [Torrence and Compo, 1998] is then performed on the residual to determine
the horizontal wavelength of any existing PMC structure. The wavelet transform can analyze time series
that contain many different frequencies, or in the case of a spatial scan, with many composite
wavelengths, and is well suited to the analysis of finite 'wave packets' [Rodenas and Garello, 1998].
Compared to the Fourier transform, the wavelet method is more suitable for analysis of CIPS images
which often show multiple wave structures. Because we are primarily interested in the wavelet power
criteria, the choice of a “mother wavelet” is not critical and a Morlet wavelet was chosen [Torrence and
Compo, 1998]. The wavelet analysis computes the mean power spectrum for the residual and if a peak in
the wavelet power spectrum is significantly above the power levels of a non periodic signal, then it is
assumed to be a true feature. We have used a significance level of 95% for our analysis which implies that
the peaks have 5% probability of being caused by noise in the data. The 95% confidence level has been

computed by multiplying the mean power spectrum of the series by the 95" percentile value for chi-
square, distributed with two degrees of freedom denoted by ;(22 [Jenkins and Watts, 1968; Gilman et al.,

1963]. The analysis presented in this paper considers peaks in the power spectrum lying outside of the so
called cone of influence (COI), which is a region of the wavelet power spectrum where spurious peaks
may be generated by the wavelet as a result of it introducing zeroes at the beginning and end of the data

series to make it cyclic [Torrence and Compo, 1998].

Once a coherent periodicity has been detected, the image is then cropped to include only the part
of the image containing the detected wave field. The cropping makes a section of the image that has
dimensions of twice the detected wavelength from the center point of the detected structure in both
directions along the column and 5 pixels (25 km) wide in the other dimension and also helps to reduce
computing time. The cropped image is rotated through angles from 0- 180° to determine the orientation

and true horizontal wavelength of the wave structure. The wavelet will show maximum power when the



wave front is orthogonal to the trace under analysis [Chandler, 2005]. The cropping of the image to 5
pixels in the dimension across the trace limits the angles to which waves can be detected for larger scale
waves. Since that limitation can lead to a varying sensitivity with orientation for detection of longer
wavelength waves, we make the assumption that AGW are distributed isotropically and do not have any
preferential orientations. A study on the orientations of the detected wave structures is in progress where

this limitation in detecting true wave orientation will be addressed.

For the purpose of this analysis, periodic structures are defined as a coherent set of at least three
separated spatially-extensive (3 pixels or 15 km wide), linear crests in the CIPS PMC images. The
periodic structures have to satisfy this condition to be ‘detected’. In many CIPS images the wave fields
are seen extending over a large part of the image. In such cases, scans through the image will result in
multiple detections of the same periodic structure. To eliminate this, the periodic structures also have to
satisfy a uniqueness condition by which they have to be different from any previously detected structure
in the image, by at least 10% of their wavelength. When two or more waves are detected in the same
image with wavelengths within 10% of each other, the algorithm will always retain the first detected

wave structure.

Figure 2 is a four-panel plot of the wavelet power spectrum of the residual along the four traces
marked in figure 1b. Figure 2a is a plot of the power spectrum along trace 1. This trace is of sufficient
length to include the large scale structures and the power spectrum clearly indicates a wave packet whose
dominant horizontal wavelength is 255 km. In figure 2b, along trace 2, the presence of multiple waves
with horizontal wave lengths centered around 150 km and 60 km can be seen in the wavelet power
spectrum. The wave detection algorithm will cycle through the peak powers and crop the image to isolate
these separate wave events as described above. Traces 3 and 4 in figure 1b are representative of the
cropping and the wavelet power spectrum of these shortened scans are shown in figure 2¢ and 2d which
clearly show structures with horizontal wavelength distributions centered at 60 and 158 km in figure 2c

and 57 km in figure 2d. The automated wave searching routine has a higher sensitivity for wave detection



than the visual detection scheme presented in Chandran et al. [2009]. Visual analysis of CIPS images is
biased toward the smaller scale structures. This is because CIPS images provide a ‘top-down’ integrated
view of the PMC layer and very often the presence of multiple clouds across the image obscures the
visual detection of larger scale wave structures, which are spread over a larger region in the image. The
visual analysis is biased towards picking wave events in individual clouds and very often the larger scale
structures will be missed. The method presented here represents a significant improvement over our

earlier study.

3.1 Limitations of the analysis

In this section we discuss the limitations present in the wave detection scheme. Since the analysis
was carried out on single camera images, the horizontal wavelengths scales that can be detected are
limited from 10 to 300 km. The size of the camera image thus limits the horizontal scale of wave
structures that can be detected uniformly throughout the camera. The uniqueness condition discussed in
section 3 results in under sampling of wave structures. False detections can occur from harmonics of the
original wavelengths in the detection algorithm. Each of these limitations are discussed in detail in the
following paragraphs. The limitations presented here do not have any significant effect on the

longitudinal variability of the derived wave structure.

The horizontal scales of the detected wave structures vary from 10 -300 km. Because of the three
peak (trough) criterion for wave detection, only the shorter wavelengths (<165 km) can be detected
uniformly in all parts of the camera. Above 165 km, the ability to detect wave structures in all parts of the
camera progressively decreases with increasing wavelength and at the upper limit of 300 km, wave
structures can only be detected in ~ 55% of the camera, along the center and at the edges. The results
from the analysis of wave structures in section 4 are thus presented in two-parts for wave structures < 150
km and for all wave structures detected. The uniqueness condition which requires each detected wave to

be at least 10% different in wavelength from all other waves detected in a particular image causes some



wave structures to be missed. However this should affect all the horizontal scales equally and not affect
the longitudinal variability or distribution of horizontal wavelengths. Simulated studies of wave
detections using the detection scheme have also shown that occasionally false wave detections occur at
harmonics of ~ 50% and ~25% of the original wavelengths. We estimate that ~ 8-10 % of the total
number of wave detections is likely to be caused by such false detections. PMC layers are generally not
horizontal and often display a tilt. Lidar soundings of NLC (e.g. Baumgarten et al., 2002, 2008, Schoch,
2007) have shown descending NLC layers with time. The maximum observed descent rates of < 100 cm/s
(Thayer et al., 2002), possibly caused by wave related vertical winds, corresponds to maximum layer tilts
< 6° assuming drift speeds of 10 m/s at the lidar site. Periodically tilted structures of otherwise
homogeneous clouds will cause wave—like cloud albedo perturbations above our detection thresholds and
enhance the detection of short wavelength waves which probably have higher maximum tilt angles. These

geometric effects can potentially enhance the detection probability of the smaller wavelengths.

3.2 Normalization and selection of analysis region

Olivero and Thomas (1986) and Merkel et al. [2008] have shown that regions of high
PMC brightness coincide with regions of high PMC occurrences. The CIPS AGW detections
depend on PMC occurrence as well as brightness. Merkel et al. [2008] have shown that the PMC
occurrence frequency as well as SABER measured temperatures at 83 km, has a longitudinal
variability which is reproduced as over-plots along with the AGW longitudinal variability in
figure 7. If the AGW activity was zonally symmetric (no variation with longitude), the AGW structure
observed by CIPS in longitude is expected to be directly correlated with PMC longitudinal structure. This
is due to the fact that CIPS can only measure AGWs when PMCs are present. To estimate the impact of
this observational bias we have normalized the CIPS measured relative AGW occurrence frequency
(WOF) by an estimate of the relative PMC occurrence frequency (COF). A weighting factor, which

estimates the percentage of time that a PMC is present at a given location, was derived from the COF.



The COF is a level 4 CIPS data product derived from all four cameras and not just the most sunward
viewing camera that was used for our AGW analysis. However the COF is primarily driven by cloud
detections from the forward viewing camera due to ice scattering properties and the CIPS viewing
geometry. The normalization can be explained using the following equation:

ﬂﬁigl
NWOF (@) =%&§§1— ;é_)’ &

where ¢ is the longitude. After normalization of the AGW Occurrence Frequency (NWOF) the observed

longitudinal variability becomes more pronounced than in the unnormalized case, see Figure 5, indicating
that this longitudinal variability is a robust feature in the observations and is not the result of a systematic
variation in the occurrence of clouds.

Garcia et al [1989] and more recently Chu et al [2009] have postulated that at temperatures well
below the frost point, AGW do not cause sufficient temperature change to significantly affect mean cloud
brightness. However for temperatures near the frost point, the warmer regions of GW can destroy the ice
and hence significantly affect the mean brightness. Chu’s postulate was developed to explain the lack of a
negative correlation of stratospheric PMC occurrence rates with AGW activity at the South Pole, while
the presence of negative correlations were observed at Rothera (67.5° S). In our study we restrict our
analysis to the latitude band between 70° and 80°, so that the range of temperatures, measured by SABER,
is only about 2K about the mean temperature of ~ 138K, which is well below the frost point. We have
performed a series of 2D CARMA modeling studies (which will be described in a forthcoming
publication) that show that at these mean temperatures, the small changes in temperature (~2K) do not
significantly affect the overall cloud albedo or produce significant variations in albedo perturbations due

to AGW. Hence the observed variations in local temperature do not influence our ability to detect AGW.

At the higher latitudes where the longitudes are spatially closer, a detected wave will likely

extend over multiple longitudes effectively masking longitudinal variations. Equatorward of 65° in both



hemispheres, the PMC occurrences are fewer in number and the data do not provide sufficient statistics to
perform a longitudinal variability study. Hence the longitudinal analysis presented in this paper is limited

to latitudes between 70° and 80°.

4. Results

In this section we present details of the longitudinal variability as well as a distribution of
horizontal scales in periodic structures detected in PMC in the 2007 and 2008 Northern Hemisphere
(NH), 2007/08 and 2008/2009 Southern Hemisphere (SH) summer seasons. The NH PMC season runs
from the last week of May to late August while the SH PMC season runs from December through the

middle of March.

Figure 4 shows the distribution of the horizontal wavelengths for PMC structures detected in the
four seasons. In the two NH seasons and 2008/2009 SH season, 1125 orbits were analyzed while for the
2007/2008 SH season 650 orbits were analyzed. The fewer number of orbits in the 2007/2008 SH was
due to a one-time operational issue with the satellite, resulting in data loss near season’s end. Figure 4a
shows the distribution of structures with horizontal scales less than 150 km which can be detected
uniformly throughout the entire camera. Figure 4b shows the distribution of the entire spectrum of PMC
detected structures. As can be seen in the figure, in all the seasons there are more larger scale waves than
shorter scale waves. In both hemispheres, the distributions of horizontal wavelengths show a peak at ~
250-300 km, close to the largest resolvable horizontal wavelength from our analysis. The number of wave
events detected per orbit is approximately the same (~11/orbit) in the 2007 NH season and both the SH
seasons while the 2008 NH season is slightly higher (~ 12/orbit). It should be noted that in the SH
generally there are less PMC compared to the NH and hence the number of waves detected per PMC is

higher in the SH than in the NH.

To investigate the longitudinal variability in wave occurrence, the WOF for the latitude band

between 70° to 80° in both hemispheres is plotted in 15° longitude bins and compared with similar cloud



occurrence frequency plots from CIPS and deviations from SABER measured mean temperatures at 83
km derived from an analysis done by Merkel et al. [2009]. The mean SABER temperatures were ~ 138 K
for 2007 and 2008 NH season while the SH was significantly warmer at 145 K for the 2007/2008 and
2008/2009 SH seasons. To make this comparison, data from summer solstice to 25 days after solstice for
the NH and 10 days before and after solstice (a total of 20 days) for the SH were averaged in specific
longitude bins. The choice of 20 days (from 10 days before solstice to 10 days after solstice) in the SH
was because we did not have continuous coverage in SABER data for the required 25 days after solstice.
Merkel et al. [2009] have shown that planetary wave signatures are seen in temperature as well as PMC
albedo (frequency). The choice of the 25 and 20 day periods minimizes the effects from planetary wave

activity and any short term (day-to-day) influences.

Figures 5, 6 and 7 are four panel plots illustrating the longitudinal variability in the observed
PMC structures for all detected wave structures (WOF), wavelengths less than 150 km and for all
detected wave structures normalized by COF (NWOF) respectively. Panels, (a), (b), (c) and (d) are for the
2007 NH, 2008 NH, 2007/2008 SH and 2008/2009 SH PMC seasons respectively. The WOF have been
normalized, so that a value of one corresponds to the longitude bin with lowest wave activity. As
discussed earlier, the WOF values are plotted for a detection threshold of 10 x 10 sr™! while the error
bars in the plots are the standard deviation of wave occurrence frequencies derived from using different
detection thresholds ranging from 5 x 10 st to 15 x 10® sr'. As can be seen from the plots, changing
the threshold values does not appreciably affect the longitudinal variability present in the detected
structures. The wave structure occurrence observed in CIPS data shows a negative correlation with CIPS
observed PMC occurrence and a positive correlation with SABER measured temperatures at 83 km. Table
1 lists the correlation of the CIPS observed wave structures with PMC occurrences and SABER
temperatures. The correlation coefficients have been calculated as the ratio of the covariance of the COF
and AGW occurrences to the product of their standard deviations and values above 0.5 indicate

significant correlations at 95% confidence levels. In all the four seasons, the AGW occurrence frequency



and PMC occurrence frequency show significant anti-correlations. For the 2007 NH and 2007/08 SH
seasons the AGW occurrences are correlated with SABER temperatures while in 2008 NH and 2008/09
SH there does not appear to be a significant correlation. As stated in the previous section, since the AGW
detections depend on PMC occurrence, the AGW occurrence was expected (if there were no longitudinal
variation in AGW activity) to be correlated with PMC occurrence and hence normalizing the AGW
occurrence frequency with PMC occurrence frequency should have resulted in a straight line in the
absence of any zonal variation in AGW activity. However figure 5 shows that there is a clear longitudinal
variation in AGW activity even without normalizing the WOF with the COF. Column 1 in table 1 lists the
correlation coefficients of the unnormalized WOF with PMC occurrence and SABER temperatures for all
four seasons while column 2 lists the corresponding correlation coefficients for the NWOF. Normalizing
the WOF with COF does not change the correlation coefficients appreciably (< 0.1) except for the 2008
NH season. The longitudinal variability is a stationary feature which does not change character with time

during the period of analysis.

From the four seasons of PMC data analyzed, it can be observed that there are regions of high and
low wave activity in both hemispheres. In the 2007 and 2008 NH and the 2008/2009 SH seasons, the
magnitude of variation in AGW activity detected in PMC vary by as much as 30% between the region
with highest and lowest wave activity. In the 2007/2008 SH season the magnitude of variation in wave
activity between low and high wave activity regions is as much as 140%. Between the 2007 and 2008 NH
PMC seasons, while there is a change in the structure of the longitudinal variability in the observed PMC
structures, the regions of lowest wave activity and highest PMC occurrence remains the same (north of
continental Asia between 60° and 120° East). While the longitudinal structure remains the same in the
eastern hemisphere, the western hemisphere shows significant differences between the two seasons.
Regions such as Western Greenland and Canada (50° -120° W), North of Central Russia (60° -90° E) over
the Ural mountains and south of the Antarctic Peninsula (30° -90° W) appear as regions of high AGW

activity.



5. Discussion and Conclusions

5.1 Influence of tides on observations

The AIM spacecraft is in a sun synchronous orbit thus only making measurements at two local
times each day. As is the case for any discretely sampled time series, oscillations present at periods less
than half the sampling period will be aliased in the spectrum. Because satellites sample in a coupled
time-longitude frame the aliasing relation is also coupled in frequency and wavenumber. Details of the
underlying aliasing theory for sun-synchronous satellites can be found in Salby [1982a,b]. Forbes et al.
[2008] have shown that atmospheric tides, which are global scale oscillations with periods that are a

harmonic of a solar day, can be expressed as A, ; cost nfltyr-- €5 — #)A— @} where A and ¢ are the

wave amplitude and phase, Q is the rotational rate of the Earth (2 day™), t .1 is local time (days) , A is
longitude (radians), s is the zonal wavenumber (0,1,2,3, ...) and n is the solar harmonic index (x1, £2,
+3,...) where the sign indicates the direction of propagation (positive westward). For example n = +1
indicates the diurnal tide with a period of 24 hours while n= +2 indicates the semidiurnal tide with a
period of 12 hours and so forth. By definition the migrating tides are fixed in local time such that s=n.
For example s=n=1 is the migrating diurnal tide and s=n=2 is the migrating semidiurnal tide. For a sun
synchronous satellite, sampling at a single local time, an ambiguity between time and longitude arises,
thus giving rise to the aliasing effect mentioned above. As a result waves where |3 = =& are constant
cannot be distinguished and are aliased. Consider the migrating tides where s=n thus k=0, implies that
using data from a sun synchronous satellite which samples at a single local time the effects of the
migrating tides cannot be resolved and in fact these components alias to the zonal mean (s=n=0). With

observations from two local times the alias impact can be reduced.

While we are not concerned with the impact of the migrating tides here we are concerned with the
nonmigrating tides (s#n=1,2,..) , which alias in a similar way to stationary planetary waves. Stationary

planetary waves have no temporal variation (n=0) but have longitudinal variation (s=1,2..), such as shown



in the zonal structure observed in the CIPS and SABER data presented herein. A zonal wavenumber 2
stationary planetary wave will have k=2 as will the nonmigrating diurnal tide (n=1) with zonal
wavenumbers s= 3 or -1 and the nonmigrating semidiurnal tide (n=2) zonal wavenumbers s= 0 or 4.
Satellite [Zhang et al, 2006] and model [Hagan and Forbes, 2002; 2003] results indicate that the westward
propagating s=3 (W3) and eastward propagating s=2 (E2) nonmigrating diurnal tidal components are not
effectively excited in the atmosphere. Additionally, using a network of ground based radars in the
Antarctic, Murphy et al. [2006] did not observe any significant nonmigrating diurnal tidal components

indicating that the likelihood is small that these components could be aliased in the results presented here.

It is known that a large nonmigrating s=-1 (W1) semidiurnal tide exists during the summer in the
Antarctic mesosphere and lower thermosphere [Hernandez et al., 1993; Portnyagin et al., 1998].
Additionally Murphy et al., [2006] have shown the existence of a zonally symmetric s=0 semidiurnal tide
in the horizontal wind field present in the summer MLT above Antarctica. Recently limura et al. [2009]
produced a climatology of the nonmigrating tides in the meridional wind field over Antarctica which
shows the presence of a strong W1 component and weaker SO component but no significant W4

component.

Of the four possible nonmigrating tidal components which could be aliased in the CIPS data only
one, the SO nonmigrating semidiurnal tide has been shown to exists at high latitudes. Because the
TIMED satellite is not sun synchronous which implies precession over local time and the data presented
were analyzed over a 30 day interval, the potential of SO nonmigrating semidiurnal tide aliasing into the
SABER results is low. However since little is known about the latitudinal structure of the s=0
nonmigrating semidiurnal tide in temperature we cannot discount the possibility that this component

impacts the 30 day averaged SABER results.

The influence of the SO nonmigrating semidiurnal tide must also be considered in the

interpretation of the CIPS AGW results. The longitudinal variability in the gravity waves observed by



CIPS could be due to variations in the source region or variations in the intervening wind field, thus
selectively filtering and eliminating some portion of the gravity wave spectrum. If one consider the
possibility of filtering, an s=2 longitude structure could be due to a stationary planetary wave pattern
present in the wind field or a nonmigrating semidiurnal SO structure as the resulting s=2 structure would
appear the same from a sun synchronous satellite. Since stationary planetary wave activity is typically
minimum during the summer months [Smith, 1997; 2003] the SO nonmigrating semidiurnal tide could be
playing the more important role in the observed gravity wave structure. At this point, more work is
necessary to understand the extent to which tides may influence our results. This work is underway but is

beyond the scope of this paper. For now, we assume there is no influence of tides on our results.

5.2 Summary of Results

The most significant result from our analysis is the presence of a longitudinal variability in PMC
wave structures as well as PMC occurrence and temperature. The longitudinal variability in PMC wave
structures is anti-correlated with the PMC variability, while deviations in SABER temperatures from
mean temperatures at 83 km is correlated with AGW occurrences in two out of the four seasons. Large
heating or cooling rates in the middle atmosphere, possibly related to dissipation of AGW, were found in
observations by Tao and Gardner [1995] and Meriwether et al. [1998]. Walterscheid [1981a] and Liu
[2000] have shown that AGW breaking in the lower thermosphere may produce a downward heat flux,
which cools the mesopause region and heats the region immediately below. An inspection of SABER
temperature structure at different altitudes indicates that the warmer regions at PMC altitudes have colder
regions above, and at other times vice versa. Based on these results, we suggest that dissipating AGW are
heating the atmosphere at PMC altitudes, either adiabatically during their propagation or by driving a
downward heat flux from the altitudes at which they break, which in turn heats the atmosphere, causing

ice sublimation and hence fewer and dimmer PMC.



In both hemispheres, the distributions of horizontal wavelengths show a peak at ~ 250-300 km,
close to the largest resolvable horizontal wavelength from our analysis. Carbary et al. [2000], using data
from the ultraviolet and visible imaging and spectrographic imaging instrument (UVISI) on the
Midcourse Space Experiment (MSX) satellite, observed PMC horizontal structures along the sub-satellite
track, ranging from 100 to 3000 km with a peak at ~ 300-400 km. The PMC occurrence frequency and
brightness measured from the OSIRIS instrument on board the ODIN satellite have shown similar
longitudinal patterns in PMC occurrences with low PMC occurrence and brightness being observed
consistently between 70° W-120° W in the SH over the Antarctic peninsula and between 50° E — 130° E in

the NH [Petelina and Rusch, 2008].

Gerrard et al. [2004] used a ray tracing model to show that the AGW observed over Sondrestrom
were most likely generated from convective sources over Baffin Bay, west of Greenland. While it is
possible that the waves observed in PMC images are generated from convective sources or from
geostrophic adjustments and propagate to the regions where they are observed. However the regions of
high AGW activity described in section 4 suggest that these AGW could be orographic in origin. Since
orographically generated GW (mountain waves) have phase speeds close to zero, they are expected to
propagate to mesospheric heights only during the winter months when the zero wind line (a critical level
for mountain waves) lies above 90 km [Eckermann, 1995]. Fritts et al. [2009] have shown that secondary
waves may be generated from wave-wave interactions and wave breaking. Secondary waves generated
from mountain waves breaking at critical levels below 83 km could propagate to PMC altitudes and
account for wave activity over orographic sources. A recent study [K. Nielsen, personal communication,
Naval Research Laboratory, 2009] using NOGAPS-ALPHA model show that the meridional and zonal
wind structure in summer could allow ‘clear channels’ to exist, which would allow mountain waves (with

zero phase speeds) to propagate to mesospheric altitudes even in summer.

Our observations support the theory postulated by Gerrard et al. [2002] and indicated by Turco et

al. [1982], Jensen and Thomas [1994] and Rapp et al. [2002] that while on monthly time scales AGW



drive the refrigeration process that produces the cold summer mesopause, and hence cloud formation.
These waves tend to destroy PMC on shorter daily scales and within specific geographic regions. The
results from lidar observations made at different locations have been inconclusive regarding correlations
between PMC backscatter and local AGW activity. Lidar measurements made at Sondrestrom (67°N,
51°W), Greenland and at Rothera (67.5°S, 68°W) Antarctica which have showed AGW activity to be
inversely proportional to PMC backscattering, lie in regions where AGW activity is generally higher in
both hemispheres. Kuhlungsborn (54°N, 11.7°E), Germany, Alomar (69.3N, 17.6°W), Norway and Davis
(68.6°S, 78°E), Antarctica, where lidar observations noted no significant correlation between PMC
brightness and stratospheric AGW activity, lie in regions of low AGW activity as seen from CIPS
observations. Hence our analysis suggests that the apparently conflicting results between fixed lidar sites
may result from the local differences in the existing background temperatures at PMC altitudes and the
amount of local AGW activity. In this context CIPS observations provide a unique opportunity to study

the longitudinal differences in AGW activity and its effects on PMC occurrence.

Current and future work include a detailed study of LT and tidal effects as potential causes for the
observed longitudinal variability, a detailed comparison between OSIRIS and CIPS PMC longitudinal
structures, a study of the orientations of the detected wave structures and investigation of the propagation
of mountain waves to mesospheric altitudes in summer to account for a possible orographic origin of

some of the observed PMC wave structures.
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Figure Captions

Figure 1. CIPS forward camera images in grayscale with the background scattering removed.(a) CIPS
image taken 50° N at the start of the PMC season on May 28" ; (b) CIPS image taken on July 17" at 80°
N showing multiple PMC structures. The white lines are contour lines for longitude and latitude. (¢) plot
showing albedo values along a trace(denoted by dashed red line) and polynomial fit made to the data in
solid red through the image in figure 1a. (d) plot showing the albedo along a trace, orthogonal to the wave
front, numbered one (denoted by dashed red line) and polynomial fit made to a trace through the wave

field in figure 1b

Figure 2. Four panel plot showing wavelet power spectrum of the residual from the traces in figure 1b
along (a) trace numbered one having horizontal wavelength at 255 km (b) trace numbered two having
multiple waves with horizontal wavelength at ~150 km and ~60 km (c) trace numbered three having

horizontal wavelength at 158 km (d) trace numbered four having horizontal wavelength at 57 km.
Figure 3. Graphical depiction of wave detection algorithm.

Figure 4. Histogram plot showing distribution of horizontal scales of structures detected in PMC in (a) for

wave structures less than 150 km in horizontal scales (b) for all detected wave structures

Figure 5. Longitudinal variability in the relative AGW occurrence (WOF) (a) 2007 NH, (b) 2008 NH, (c)

2007/2008 SH, and (d) 2008/2009

Figure 6. Longitudinal variability in the normalized AGW occurrence (NWOF) for structures less than

150 km in horizontal scales for (a) 2007 NH, (b) 2008 NH, (¢) 2007/2008 SH, and (d) 2008/2009

Figure 7. Longitudinal variability in the normalized AGW occurrence (NWOF), SABER temperature data
(red line) and CIPS observed normalized cloud occurrence (COF) (dashed blue lines) for (a) 2007 NH, (b)

2008 NH, (c) 2007/2008 SH, and (d) 2008/2009



Table 1. Correlation of GW occurrences with SABER temperatures and PMC occurrences. Correlation

values which are significant at 95 % confidence levels are in bold.

Un-normalized WOF NWOF NWOF
Season (all Wavelengths) (all Wavelengths) (An <150 km)
CIPS PMC SABER CIPS PMC SABER CIPS PMC SABER
occurrence | Temperature | occurrence | Temperature | occurrence | Temperature
2007 NH -0.74 0.61 -0.82 0.6 -0.71 0.52
2008 NH -0.55 0.21 -0.78 0.33 -0.61 0.27
2007/2008 -0.89 0.73 -0.94 0.72 -0.87 0.68
SH
2008/2009 -0.86 0.38 -0.92 0.4 -0.84 0.36
SH
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