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Observations by the Cloud Imaging and Particle Size (CIPS) instrument on the Aeronomy of Ice in the
Mesosphere (AIM) satellite have demonstrated the existence of Polar Mesospheric Cloud (PMC) regions
populated by particles whose mean sizes range between 60 and 100 nm (radii of equivalent volume
spheres). It is known from numerous satellite experiments that typical mean PMC particle sizes are of the
order of 40–50 nm. Determination of particle size by CIPS is accomplished by measuring the scattering of
solar radiation at various scattering angles at a spatial resolution of 25 km2. In this size range we find a
robust anti-correlation between mean particle size and albedo. These very-large particle-low-ice (VLP-LI)
clouds occur over spatially coherent areas. The surprising result is that VLP-LI are frequently present
either in the troughs of gravity wave-like features or at the edges of PMC voids. We postulate that an
association with gravity waves exists in the low-temperature summertime mesopause region, and il-
lustrate the mechanism by a gravity wave simulation through use of the 2D Community Aerosol and
Radiation Model for Atmospheres (CARMA). The model results are consistent with a VLP-LI population in
the cold troughs of monochromatic gravity waves. In addition, we find such events in Whole Earth
Community Climate Model/CARMA simulations, suggesting the possible importance of sporadic down-
ward winds in heating the upper cloud regions. This newly-discovered association enhances our un-
derstanding of the interaction of ice microphysics with dynamical processes in the upper mesosphere.

Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Polar Mesospheric Clouds (PMCs) have been a subject of study
for many years using ground based, rocket, and satellite observa-
tions. PMCs (or their ground-based manifestations, noctilucent
clouds, NLC) are also sensitive indicators of gravity waves (GW)
and instability dynamics (Witt, 1962; Fritts et al., 1993). They have
an advantage over airglow measurements in defining GW prop-
erties in that they occur in thin (1–2 km) layers and thus do not
smear out vertical structure. They also provide sensitive indicators
of changes of temperature (Merkel et al., 2008; Hervig et al., 2015
and references therein). The Aeronomy of Ice in the Mesosphere
(AIM) mission (Russell et al., 2009) is designed to provide unique
access article under the CC BY-NC

Rusch).
information on PMCs, to reveal their temporal variations, and
enhance the basic understanding of the physics involved in their
production and destruction. Here we report on measurements of
clouds having very large mean ice particle sizes. We call these for
short, Very-Large-Particle-Low-Ice events (VLP-LI) having mode
radii greater than 60 nm, and associated with regions of com-
paratively low values of cloud albedo. The column-integrated ice
water content (IWC) is roughly proportional to UV albedo (e.g.
DeLand and Thomas, 2015). The VLP-LI clouds have values typi-
cally less than 50 /km2, compared with'normal’ values of
100 g/km2 and extremes up to 200 g/km2 or more.

Ice-particle shapes have long been expected to be non-sphe-
rical, but only recently has their shape been shown to be optically
equivalent to oblate spheroids with small axial ratios (Baumgarten
et al., 2002; Rapp et al., 2007; Hervig et al., 2009). It is conven-
tional to define mean particle size in terms of the radius of the
sphere with the same mass. We should also note that if the
-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Forward (scattering angle¼45°)/Backward (scattering angle¼135°) ratios of
theoretical scattering coefficients (or radiances) vs. mode particle radius. Calculated
from T-matrix code, assuming oblate spheroidal shapes with different axial ratios
(AR) and different Gaussian distribution widths, s. (1) Solid dark curve: Gaussian
(AR¼2) with variable s, increasing linearly with mode radius rm from 1 nm to
16 nm at rm¼40 nm and remaining at s¼16 nm for rm440 nm (the size dis-
tribution used by CIPS); (2) green curve with long dashes: AR¼1 (spherical par-
ticles) with a constant Gaussian width of 12 nm for all rm; (3) red curve with short
dashes: Gaussian with spherical particles (AR¼1) with s¼20 nm; (4) blue curve
with long dash and three short dashes: monodisperse case (AR¼2), where the
mode radius is simply the cloud particle radius. All sizes are expressed in terms of
the radius of a sphere of equal mass. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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particle size distribution is Gaussian, as often assumed in the lit-
erature (Berger and von Zahn, 2002; Rapp and Thomas, 2006), the
mode radius (rm) and the mean radius are identical, at least for the
size range observable by CIPS. We thus use these terms inter-
changeably, and will often simply refer to this quantity as ‘size’.

The ‘standard’ model of Polar Mesospheric Clouds specifies that
nucleation is centered in the uppermost region of the cloud layer,
near the mesopause, and that the ice particles grow as they des-
cend and tend to be larger at lower levels approaching the cloud
base. Observing the different ice particle populations is challen-
ging mostly because most remote sensing methods involve spatial
averaging through many cloud structures of disparate bright-
nesses. Lidar studies are an exception to this averaging case.

The occurrence of mean particle sizes greater than 60 nm in
remote-sensing retrievals is not new. For a review of observations,
see Baumgarten et al. (2008). This population has been recently
highlighted in height-resolving tomographic retrievals of UV sa-
tellite data taken by the Optical Spectrograph and Infrared Imager
System (OSIRIS) experiment (Hultgren et al., 2013; Hultgren and
Gumbel, 2014). These authors showed that the largest particles
reside at the normal cloud base, near 80 km, and range in size up
to 120 nm. They also found that the number density of these
particles is so small that the more numerous ice particles of
smaller sizes (30–50 nm) lying above (typically from 82–84 km)
contribute the ‘lion’s share’ of the scattered radiance. In their
words “a nadir-viewing technique can only “see” the larger particles
when observing cloud areas where no bright cloud layers are situated
above the larger particles.” In this paper, we show that with the
superior spatial resolution and large areal coverage of CIPS, such
conditions are surprisingly frequent, and moreover, when they
occur they are almost always associated with dynamically-driven
structures, caused possibly by gravity waves.

In Section 2, we describe the CIPS data and its ability to mea-
sure mean cloud particle size. Section 3 describes the results de-
rived from a phase function analysis of the angular scattering in-
formation. Section 4 contains a comparison with other PMC ex-
periments. Section 5 provides a discussion and simulations of VLP-
LI from two microphysical models. Section 6 contains a summary
and conclusions.
2. Data

The Cloud Imaging and Particle Size (CIPS) instrument on AIM
(McClintock et al., 2009) consists of four nadir-pointing cameras
that image the atmosphere's scattered UV brightness (albedo)
with a band pass centered at 265 nm and extending from 258 nm
to 274 nm (half-power points). The four cameras have an over-
lapping field of view of 120° (along orbit track) and 80° (cross orbit
track). The details of the instrumentation, camera configuration
and first results can be found in Rusch et al. (2009) and McClintock
et al. (2009). Orbit ‘strips’ are made by merging together the in-
dividual camera images taken each orbit. CIPS cameras take an
image every 43 s with an exposure time of 1 s. On average, each
camera takes 26 images per orbit over the sunlit summer polar
region. A description of the various CIPS data products is available
online at the AIM site, http://aim.hamptonu.edu/library/doc
umentation/instruments/cips/cips_docs.html. The data processing
algorithms are described in Lumpe et al. (2013).

The CIPS observational technique provides measurements of
PMC scattering at several scattering angles through spatially-co-
incident measurements of the same scattering volume. In Fig. 1 we
show, for various assumptions of particle size distributions and
particle shapes, the ratio of forward (45°) to backward (135°)
scattering as a function of mean particle radius (this ratio is
hereafter referred to as FBR). We emphasize that CIPS measures
this ratio directly, independent of any assumption regarding the
particle size distribution. A similar pair of scattering angles (at the
same wavelength, λ¼265 nm) was first used by Thomas and
McKay (1985) in their analysis of data from the Solar Mesospheric
Explorer satellite. They showed, from data taken at pairs of com-
plementary scattering angles, that the size range of PMC ice par-
ticles extends from mean sizes of 30 nm to above 100 nm, with the
average near 70 nm (for a discussion of possible size distributions
consistent with data from both CIPS and the AIM Solar Occultation
for Ice Experiment, SOFIE instrument, see Bailey et al., 2015). Thus,
for a specific value of FBR, it is possible to choose a corresponding
mean particle size, as illustrated by the various curves in Fig. 1.
When we report mode particle sizes, rm, we use the ‘standard’ CIPS
product (Lumpe et al., 2013), corresponding to the black curve in
Fig. 1. The reader is free to choose other distributions, and hence
mean particle sizes. However, it is clear that when FBR exceeds 25,
the mean particle sizes will be large (relative to a typical size),
regardless of the assumed distribution and particle shape.

Extracting the mean particle size begins with the removal of
the Rayleigh scattering background, which is determined from
nearby ‘clear-sky’ pixels (Lumpe et al., 2013). If a cloud is detected,
then by analysis of the resulting ice scattering phase function, the
size and inferred Gaussian width are determined from the �6–7
separate measurements of cloud albedo obtained at different
scattering angles. An example of this approach is shown in Fig. 2.
The green asterisks are the background Rayleigh albedo, the red
crosses are the resulting cloud scattering albedo after subtracting
this background. A final correction is applied to normalize out the
path length due to the off-nadir viewing angle, assuming hor-
izontal orientation of the cloud layer. This yields the residual ice
scattering phase function, represented by the blue diamonds. The
black curve is the resulting fit (minimum χ2) of the theoretical
scattering phase function to this measured phase function. The
retrieved size for this measurement set is 79 nm, which represents
a weighted average over a vertical column. As discussed in Lumpe
et al. (2013), the large particles (rm460 nm) have large forward-
scattering cross sections and thus are easily measured at these
angles by the CIPS instrument even though the 90° (nadir) albedo
may be very close to the detection threshold. It is important to
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Fig. 2. An example of a CIPS particle size retrieval. Albedo (G) vs scattering angle
(deg). The red line and pluses are the resulting particle scattering albedo after the
removal of the Rayleigh scattering (green line). The (blue) diamonds represent the
scattering function of the cloud after the scattering measurements are corrected for
observation angle. The solid black line results from fitting the blue diamonds to the
adopted scattering phase function. In this case the resulting mean particle size is
79 nm. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

Fig. 3. CIPS measured albedo for orbit 28550. The inserted rectangle indicates the
region displayed in.

Fig. 4. A section of AIM orbit 28550 showing the measured albedo (gray scale) and
contours of particle size (blue 55 nm, green 70 nm, red 85 nm, and yellow 90 nm).
White areas are regions where no clouds were detected. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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note that the mean particle size varies with height (Romick et al.,
2002; von Savigny et al., 2005; Hervig et al., 2009). We will return
to the issue of the variation of particle size with height, as key to
understanding the properties of a VLP-LI cloud.

Recently the Gaussian assumption has been questioned in favor
of a log-normal distribution (Bailey et al., 2015). If this is a better
description of reality, then the particle size values will differ.
However, the numerical values of particle size are less important
than the concept underlying the basic optical physics relating size
to the forward scattering/backward scattering ratio. In the size
range where (2*πrm/λo3), our T-matrix scattering results for non-
spherical particles (provided by G. Baumgarten, private commu-
nication and based on the formulation by Mishchenko et al.
(2000)) show that the forward-scattering asymmetry is a mono-
tonically-increasing function of particle size. Fig. 1 shows examples
of this relationship for non-spherical particle shapes. As shown in
this figure for curves 2 and 3 near 80–100 nm, the ‘Mie’ resonance
(the ‘wiggles’ in the two spherical-particle cases) occurs with
perfect spheres (Rapp et al., 2007), but is absent in scattering by
non-spherical particles.

The CIPS experiment is unique in being the first satellite ex-
periment to observe horizontal variability in PMC brightness down
to a (linear) spatial resolution of 5 km. What is surprising about
these observations is that they often reveal spatially distinct re-
gions with very large particles (60–100 nm). We arbitrarily define
this VLP-LI population, as having rm460 nm, albedo (90°) o10 G
(1 G¼1�10�6 sr�1) and IWC o50 g/km2. To our knowledge
these events have not been observed, or at least reported, by any
other observation technique.
3. Results

In Fig. 3, the measured albedo for AIM orbit 28550 (July 21,
2012) is displayed. Unless otherwise noted, albedo refers to the
value at scattering angle 90°, which is the quantity reported in the
CIPS Level 2 data files. The highly structured region enclosed in the
box in Fig. 3 is displayed in Fig. 4. To illustrate the results for re-
trievals of mean ice particle size, we present images from three
AIM orbits of high-spatial resolution data in Figs. 4, 7 and 8 which
depict both albedo and cloud particle size. These orbits were
chosen to illustrate different morphologies of the VLP-LI regions.
Light-gray regions denote high albedo and dark-gray regions low
albedo. Note the areas containing sizes greater than 60 nm, and
the wavelike structure defined by the regions of larger size values.

For AIM orbit 28550 (Fig. 4) the regions of very large sizes lie
almost always in regions of low albedo (and thus low IWC). The
data show a spatially variable cloud albedo ranging from zero (the
white areas where no cloud is detected) to greater than 30 G. The
colored contours indicate particle sizes from 55 nm to 90 nm. The
(white) areas of albedo lower than the threshold (‘voids’) are de-
scribed in Thurairajah et al. (2013). These regions are frequently
surrounded by narrow ‘rims’ or ‘walls’ of large particles. This co-
incidence also happens in low-albedo areas and extends down to
the smallest areas observed by CIPS. Note in Fig. 4, VLP-LI (shown
as the green, yellow and red contour lines) lie along a linear fea-
ture, near longitude 100° extending over the complete latitude
range (70–79°) of the CIPS image. A second, less well-defined
linear feature is also present. This is suggestive of a gravity wave
influence, with a horizontal wavelength �100 km. To emphasize
the anti-correlation between ice particle size and albedo, Fig. 5



Fig. 5. Left panel: Transect of CIPS PMC image for Orbit 28550, at constant long-
itude. Shown are the forward/backward ratio (FBR) and the PMC albedo, smoothed
by 3 pixels. The correlation coefficient is CC¼�0.486 (36 points). Right panel: The
same but for a transect at constant latitude, smoothed by 5 pixels. CC¼�0.245
(209 points). Both correlations have significance 499%.
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shows two transects for this orbit, one at constant longitude, and a
second at constant latitude, with FBR and albedo plotted along
each transect. This plot shows strong and statistically significant
anti-correlation of albedo and FBR (and hence cloud particle size,
see Fig. 1).

The distribution of CIPS measurements for orbit 28550 as a
function of size is displayed in Fig. 6. This figure shows a max-
imum occurrence at about 45 nm, which is typical of the CIPS data
set. The fall-off of particle sizes below 45 nm is due to the de-
creasing efficiency with decreasing particle size (Lumpe et al.,
2013), and is not important in the present context. The blue curve
is a Gaussian fit to the data. There is no fundamental justification
for assuming a Gaussian distribution. It is adopted merely for
convenience of illustration. For radii greater than about 65 nm, the
data rise significantly above the Gaussian suggesting the existence
of a second distinct size population. This could imply a different
physical mechanism, discussed further in Section 4. Similar results
(not shown) occur for the other orbits discussed below.

The dominant source of error in the retrieval of particle sizes
from CIPS phase functions is the Rayleigh background subtraction.
If too much (or too little) background is subtracted, the residual
FBR will increase (decrease) and the particle size retrieval will be
too high (or too low) (Carstens et al., 2013). Further, the change is
such that the model phase function of the erroneous best fit
Fig. 6. The distribution of particle sizes for orbit 28550 (black crosses). The blue
(solid) curve is a Gaussian fit to all the data for this orbit. Note the large particle
‘tail’ rising above the fit for radii 465 nm. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
particle size will continue to fit the cloud residuals very well. For a
given error in the background subtraction, low-albedo clouds will
have their FBR (and thus particle size) perturbed more than
higher-albedo clouds. Also, since the amplitude of the background
is determined at much lower spatial resolution than the cloud
properties, larger areas will have very similar correlated-errors in
the background subtraction. This opens the possibility that, for
sufficiently dim clouds or large errors in the background, a region
of low-albedo clouds can be falsely determined to have very large
particles.

Fortunately, for the examples discussed in this work, this
source of error is not likely to be large enough to create a VLP-LI
false positive. The error decreases from low to high solar zenith
angles (Lumpe et al., 2013), reducing to zero beyond �92°. This
happens because the Rayleigh background amplitude, and the
sampling of the phase function improves (smaller scattering an-
gles) with increasing solar zenith angle. Typical errors in the
background amplitude are less than �1% during the PMC season.
For the example plotted in Fig. 4 (orbit 28550), a 1% reduction in
the background amplitude results in a particle size error which
increases from approximately �3 nm for the brighter 10 G VLP-LI
clouds in the region up to �10 nm for the dimmer 2 G VLP-LI
clouds. The potentially systematic error in the retrieved particle
size is not large enough to change the conclusion of VLP-LI
detections.

Fig. 7 shows data from a second orbit (11988, July 7, 2009) that
indicates the influence of a different dynamical process. The large
number of spatially close, irregularly-shaped structures of ap-
proximately 10–200 km in size, are filled with dim clouds, usually
less than 5 Gs, in the center and are surrounded by low-albedo
regions with large particles, reaching values up to 100 nm. Unlike
orbit 28550, the structures associated with the three regions do
not exhibit obvious wave-like features.

Data from a third CIPS orbit (36326, Dec. 23, 2013) from the
Southern Hemisphere is shown in Fig. 8. This orbit also exhibits
wave-like structures. These features extend across the entire CIPS
image and, in the regions of large size and low albedo, show areas
of high complexity. The image also contains voids resembling
those in orbit 6607, again surrounded by ‘walls’ of very large
particles. Imposed on the large-scale wave structures are smaller
features that reveal the influence of small-scale dynamical influ-
ences. We have visually inspected hundreds of images, and when
VLP-LI's exist, as they often do, they display the same general
characteristics as described above.
Fig. 7. Same as Fig. 4 except for AIM orbit 11988.



Fig. 8. Same as Fig. 4 except for AIM orbit 36325.
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4. Comparison with other PMC experiments

Hultgren and Gumbel (2014) have reported isolated pockets of
large particles utilizing tomographic inversion techniques using
Odin/OSIRIS limb-sounding spectral data. Their technique utilizes
the color-ratio method of inferring particle sizes. Using a special
observing mode, they were able to perform a tomographic analysis
of the altitude distribution of mode radius, along with ice number
density. Their spatial resolution was �200 km. They consistently
found large particles occurring at the lowest altitudes, accom-
panied by low values of ice number density, consistent with the
standard model and SOFIE. They generally found more numerous,
moderate-sized particles at greater heights. As they point out, the
contribution of this population to a (column-integrated) albedo
would normally obscure the presence of the biggest particles.
5. Discussion and model results

We ask: how realistic is the assumed Gaussian distribution for
the large mean particle size, e.g. rm¼95 nm (Fig. 9) which extends
to r¼150 nm in the “wings”? We need not consider particle life-
times to answer this question – we find from a simple calculation
with truncated Gaussians that if the largest particles were to dis-
appear, either by sedimentation or sublimation at the cloud base,
that the FBR would actually decrease. This is because the smaller
particles (contributing a smaller FBR) have a greater weight when
the larger particles are depleted. The observed upper limits to FBR
is about 30, in agreement with calculations using the full Gaussian
Fig. 9. Model Gaussian size distributions for four different mode radii rm, assuming
the CIPS relationship of s with rm where s¼Gaussian width. From left to right, the
values of rm are 20, 50, 70 and 95 nm. We identify the largest mode radius as re-
presentative of the “Very-Large-Particle-Low Ice” (VLP-LI) population.
distribution (see Fig. 1). This means that the actual distribution
must contain most particle sizes near the mean, which is the basic
property of the Gaussian.

We find that the spatial patterns of VLP-LI do not persist from
orbit to orbit, an interval of 90 min. Assuming an ice particle be-
gins its life from a nucleation event, the required growth rate is
60 nm/hr, a value that far exceeds ‘normal’ growth rates (see
Fig. 11 from Lübken and Berger, 2011). It is clear that sizes
460 nm must originate from smaller pre-existing particles. A
large growth rate (up to 10 nm/hr) can be achieved from a gravity
wave perturbation (see Fig. 4(d) of Chandran et al. (2012)). This
process is described in detail in their paper. This requirement,
together with the CIPS images which link the large-particle re-
gions to dynamical structures (often wave-like in appearance)
suggest that gravity waves may at times augment the growth
process. We performed simulations from the 2D model of Chan-
dran et al. (2012) to see if such conditions might occur with
‘standard’ microphysics.

5.1. Gravity wave model

The Community Aerosol and Radiation Model for Atmospheres
(CARMA) model simulations of Chandran et al. (2012) show rea-
listic variations of PMC properties in the presence of gravity waves
of various wave periods and amplitudes. Linear perturbation the-
ory is assumed. This model was shown to be in agreement with
previously published 2D simulations (Jensen and Thomas, 1994;
Rapp et al., 2002). For more details, see Chandran et al. (2012).

Fig. 10(a) shows model results for mean particle size from an
idealized GW with a period of 5 hours, 300 km horizontal wave-
length, and 6 km vertical wavelength. Fig. 3 in Chandran et al.
(2012) shows the growth of PMC in the presence of this GW. For
this study, we have used the same simulation. The background
temperature used for this simulation are SABER temperatures at
75° N averaged for 20 days after solstice (day of year 172–192)
observed during the 2008 PMC season. The water vapor profiles
were obtained from observations from the Microwave Limb
Sounder (MLS) instrument onboard the NASA Aura satellite for the
same period during the 2008 NH PMC season. The background
vertical wind profile used has been adopted from model simula-
tions with the COMMA/IAP model (Berger and von Zahn, 1999)
and was previously used in the Rapp and Thomas (2006) CARMA
study. We refer the reader to Chandran et al. (2012) for a de-
scription of the treatment of horizontal and vertical winds from
the GW and GW amplitude growth in the model. The cloud albedo
is over-plotted as contour lines averaged for all altitudes with time
on the y-axis and the horizontal domain of the model on the x-
axis. It can be seen that at 22 h, the largest particle sizes corre-
spond to the lowest-albedo clouds. Fig. 10(b) shows the anti-cor-
related nature of particle sizes (in red) and PMC albedo (black) at
the time step of 22 h in the model simulation. The results (see
Fig. 10) indicate that at a certain phase of the wave (when the cold
phase of the wave coincides with the lower altitude regions be-
tween 81–84 km), particle growth is accelerated in the cold
troughs of gravity waves. At this stage the water is enhanced by
upward ‘pumping’ of enriched water vapor below the cloud base –

the hydrated layer resulting from a previous sublimation event. At
the same time, the warmer phase above (84–87 km) tends to de-
stroy the ice particles. The net result is a thin layer of large par-
ticles, which does not have the usual ‘overburden’ of smaller, more
numerous particles. In this scenario, only these large particles
contribute to a column-averaged albedo, producing a VLP-LI event.
Note that for this short vertical wavelength, the cold and warm
regions are separated by only 3 km. It can therefore significantly
modify the distribution of particles that normally fill the saturated
region between 83 and 88 km (Hervig et al., 2015).



Fig. 10. (a) The PMC particle mean radius, plotted as color contours and the PMC albedo (G) over-plotted as contour lines, averaged for all altitudes. Time is shown on the y-
axis and the horizontal domain of the model in the x-axis; (b) Particle sizes (in red) and PMC albedo (black) at the time step of 22 h in the model simulation; (c) Gravity wave
driven temperature anomaly between 81–83 km; (d) Gravity wave driven temperature anomaly between 84–87. The modeled wave period is 5 h, and the horizontal and
vertical wavelengths are 300 km and 6 km respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 11. Schematic showing gravity wave creation of a VLP-LI event with time
(a) followed by a half-cycle later by time (b). The dashed green curve shows a
normal (unperturbed) temperature profile. The curve with blue (cold) and red
(warm) excursions from the normal temperature indicate a gravity wave pertur-
bation. The red line separates the boundary between saturation (to the left) and
sub-saturation to the right. The blue filled circles illustrate ice particle size. The
sequence of events leading to large particles at the normal cloud base with very
few particles above is described further in the text. (For interpretation of the re-
ferences to color in this figure legend, the reader is referred to the web version of
this article.)
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Figs. 10(a) and (b) are similar to the CIPS observations shown in
Figs. 4, 7 and 8. Figs. 10(c) and (d) show the GW-driven tem-
perature anomaly, calculated as variations from the background
temperature at each altitude bin, between 81–83 km and 84–
87 km respectively. In the lower altitude region, the cold phase of
the wave corresponds to the largest particles seen in Fig. 10(a).
Between 84–86 km the cold phase of the wave corresponds more
to the high-albedo PMCs seen in Fig. 10(a) while the warm phase
of the wave is seen in regions corresponding to the large particle
size regions in Fig. 10(a), although there appears to be some time
lag. Figs. 10(a) and (b) illustrate clearly that at a certain phase of
the wave, the albedo and particle size are inversely related. It
should be noted that the VLP-LI cloud only occurs in the first cycle
of the modeled wave. Subsequent cycles do not exhibit this clear
anti-correlation between albedo and size. This is gratifying be-
cause (1) the lifetime of GW packets are typically only a few cycles
(Fritts and Alexander, 2003); (2) horizontal wind shears and wave-
induced instabilities, and superposition of multiple gravity waves
ignored in this simulation, do not have time to appreciably modify
the wave. This mechanism may account for the long linear features
seen in Orbit 28550 (Fig. 4).

The two-step process is illustrated by the schematic in Fig. 11,
showing how the PMC particle size is modified by a short-wave-
length gravity wave. In the initial state of the wave-perturbed
mesopause region (a), the temperature in the upper region falls
below saturation (the blue-colored area to the left of the red line
illustrating the saturation border) promoting nucleation of new
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particles. In the lower region, pre-existing particles may or may
not survive in the sub-saturated (red) region. In the succeeding
half cycle (b), the upper region is now warm and unsaturated,
which prevents new particles from nucleating and is ‘emptied out’
due to advective descent of particles into the cold region near the
“normal” cloud base. These particles grow rapidly since they are
also bathed in moisture ‘pumped’ from the lower hydrated region.
There are no overlying particles, which would otherwise dominate
a nadir-pointing satellite observation – a VLP-LI.

It could be questioned whether temperature fluctuations are
sufficient at all latitudes for GW's to cause the region to become
sub-saturated, particularly at polar latitudes where the tempera-
ture is coldest (typically 130 K, Rong et al., 2014). It suffices to say
that the CIPS images show detailed structure up to the highest
latitude, including large voids. This is evidence enough that the
small-scale variability in saturation conditions is sufficient to de-
stroy ice particles at latitudes up to 85°. Thus, Fig. 11, which shows
Fig. 12. Panel plots illustrating cloud properties calculated from the output of the CARM
(a) Temperature time history from aWACCM simulation b) change in temperature from th
ratio, (e) number density, (f) ice water content (defined in Merkel et al., 2009 as ice de
boxes highlight the time of occurrence of a VLP-LI.
both sub- and super-saturation, appears to describe the entire
summertime polar region.

5.2. WACCM/CARMA model

A similar result was produced in a 1-D CARMA simulation that
used a temperature-time history from the 3-D coupled chemistry-
climate Whole-Atmosphere Community Climate (WACCM) as in-
put at each time-step into the CARMA model (Merkel et al., 2009).
The temperature history was obtained by following the movement
of a high latitude mesospheric air parcel over 4 days from a
WACCM simulation. WACCM temperature was used to capture
diverse dynamical time scales, which were indirectly simulated in
CARMA by incorporating the changing temperature profile at each
time-step. It is noted that small-scale gravity waves (such as the
source of the previously discussed CARMA simulation) are not
resolved in WACCM. This simulation, shown in Fig. 12, was part of
A simulation with full microphysics and particle distribution (Merkel et al., 2009).
e mean at each altitude, (c) effective radius (area weighted), (d) water vapor mixing
nsity in g cm�3), (g) mean fall velocity, and (h) growth rate. The transparent black
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an assembly of simulations to define the relationship of effective
radius (area-weighted radius), ice mass density and local tem-
perature as discussed in Merkel et al. (2009). The panels in Fig. 12
show the evolution of PMC properties as CARMA responds to the
input variables at each time step. Note that only a portion of the
4-day simulation is illustrated to highlight the occurrence of a
VLP-LI. Fig. 12 shows (a) the temperature history from WACCM,
(b) change in temperature from the mean at each height,
(c) effective radius defined as the surface-weighted integral over
the size distribution, (d) water vapor mixing ratio, (e) number
density, (f) ice water content (defined in Merkel et al., 2009 as ice
mass density in g-cm�3), (g) mean fall speed, and (h) mean
growth rate.

The simulation begins in a hydrated state with a cold meso-
sphere (84–88 km) that instigates nucleation followed by ice par-
ticle growth. Ice formation depletes the available water vapor and
at the same time, a warming in the background temperature in the
upper region ends particle creation (at about 300 min). The am-
bient temperature is still low enough to sustain the existing ice
cloud (300–1400 min), but because of the warmer mesopause, no
new particles are created at the upper heights. The existing ice
particles sediment and encounter a moister environment (1500–
3000 min) near 82–84 km. They continue to grow and to sediment
out of the cloud until a 5 K warming trend throughout the upper
mesosphere (at 3000–4000 min) sublimates the remaining ice
particles. At the end of the cloud lifetime, highlighted by a trans-
parent black box (2300–3000 min), the result is a narrow cloud
region near 82 km, consisting of a small number of very large
particles, with no particles above, and with low ice water content,
or in short a VLP-LI cloud. Thus, the responsible processes are a
cooling/nucleation, followed by an upper-altitude warming that
prohibits new particle formation. The existing particles grow and
sediment until there are only a few large particles left, before a
warming trend causes total sublimation.

Fig. 13 shows the time varying albedo calculated for the CIPS
wavelength (265 nm) for the CARMA simulation from Fig. 12. The
mean radius, mean number density and mean ice water content at
each time step (averaged over all altitudes) are also shown. Two
regions of interest are highlighted in light blue. Between 4400–
5000 min, another cloud has formed in the simulation. The cloud
properties displayed represent those for a typical PMC (large
number of medium-size (40 nm) ice particles with a high albedo).
In contrast between 2300–3000 min, the properties of the mod-
eled cloud are distinctly different than the typical cloud case. This
shows that the simulation contains a small number of very large
size (100 nm) particles with low albedo and low ice density –

again a VLP-LI cloud.
The appearance of VLP-LI clouds at the perimeter of the region

of cloud absence in both the CIPS images and in Fig. 13 may pro-
vide a clue regarding the nature of large semi-circular voids. If
voids are caused by an occasional downward descent of a column
of air which warms the region (by adiabatic compression), the
Fig. 13. Time dependent relationships between model albedo, effective radius,
number density and IWC, all vertically-averaged. The shaded regions are of special
interest (see text).
cooler edge-regions would show evidence of its downward pro-
gression as a VLP-LI. The void itself may then represent the area
where the downward descent of air has completely eliminated the
cloud.

We find from the full AIM data set that, depending upon season
and hemisphere, VLP-LI occupy 5 to 40% of the total image area. It
is clear that previous satellite measurements are not sensitive to
such small-scale events. The small contribution from VLP-LI to the
scattered light (or to the cloud extinction in the case of AIM SOFIE)
is obscured by larger contributions from the smaller, but more
numerous particles. Furthermore in previous limb and large field-
of-view nadir observing techniques, their association of VLP-LI
with dynamical features is lost in the several-hundred km aver-
aging process. The field of view of the SBUV (Solar Backscattered
Ultraviolet experiment; see DeLand and Thomas, 2015) satellite
instrument is 150�150 km. It is possible that the larger-scale VLP-
LI could be identified in nadir hyperspectral observations by the
Ozone Monitoring Instrument (OMI on the Aura satellite; see
DeLand et al., 2010). The smallest OMI pixel size is 13�48 km at
the nadir. A forthcoming Swedish satellite investigation (Meso-
spheric Airglow/Aerosol Tomography and Spectroscopy, or MATS)
will provide horizontally- and height-resolved PMC structures
which may be capable of detecting the larger VLP-LI events
(Gumbel et al., 2015). The best PMC data set which could at least
support the size-albedo anti-correlations is from the ALOMAR li-
dar (Baumgarten et al., 2002).

The most advanced general circulation models that are coupled
with a microphysics module also have resolutions of many hun-
dreds of kilometers. Although they are capable of simulating the
largest voids seen by CIPS, they do not simulate the smaller
structures evident in CIPS images. We hope that this work will
motivate modelers to perform higher-resolution simulations that
can be used to pursue analysis of their origin and associations of
VLP-LI with the edges of voids.
6. Summary and conclusions

High-resolution nadir imaging data from the CIPS instrument
on the AIM spacecraft have revealed detailed relationships be-
tween large PMC particles (mean radii rm460 nm) and low UV
cloud albedo (A (265 nm) o10�10�6 sr�1). These very-large-
particle-low-ice events, or for short, VLP-LI regions, occur over
spatial extents ranging from �100 km down to the smallest re-
solution element of the CIPS cameras (25 km2). The data indicate
the existence of specific dynamical processes not generally cap-
tured by models with comparatively large resolution. PMC are
usually observed at the earth's limb or in the nadir with large
fields of view. Because of their inherent (horizontal) averaging
over hundreds of kilometers, previous measurements have failed
to capture the striking anti-correlation of albedo and particle size.
This limitation has also prevented them from finding an associa-
tion of large particles with gravity waves and cloud voids (regions
in which no ice above the detection threshold are present).

Based on two different microphysical model simulations, we
suggest that the responsible processes are a warming in the upper
part of the saturated region of ice occurrence, combined with a
cooling lower down at the normal cloud base. This causes sub-
limation of the smaller, but more numerous ice particles and
whose scattering contributions normally ‘hide’ the lowermost
large particles at the cloud base. We speculate that small-scale
processes, such as gravity wave perturbations (with short vertical
wavelengths) of the wind and temperature fields are partly re-
sponsible. The cloud voids are often seen to be surrounded by
‘walls’ of large ice particles (with mean sizes up to 100 nm). The
mean sizes often decrease with distance away from their
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perimeter. The close association of large particles with voids sug-
gests a second mechanism – a downward-directed wind arising
from above the cloud region, which progressively warms the
mesopause region as it descends. This process first eliminates the
more numerous top-side particles by sublimation, leaving ex-
posed, at least temporarily, the largest particles of a previously-
existing populations at the cloud base (near 81–83 km). The CIPS
images portray a previously unrecognized coupling of ice micro-
physics with dynamics, thereby providing a new window into the
small-scale (5–100 km) phenomena of the summertime meso-
sphere. Future work will study year to year variations in the oc-
currence rate of VLP-LI.
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