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[1] Backscattered ultraviolet (BUV) instruments designed for measuring stratospheric
ozone profiles have proven to be robust tools for observing polar mesospheric clouds
(PMCs). These measurements are available for more than 30 years and have been used to
demonstrate the existence of long-term variations in PMC occurrence frequency and
brightness. The Ozone Monitoring Instrument (OMI) on the EOS Aura satellite provides
new and improved capabilities for PMC characterization. OMI uses smaller pixels than
previous BUV instruments, which increases its ability to identify PMCs and discern
more spatial structure, and its wide cross-track viewing swath provides full polar coverage
up to 90° latitude every day in both hemispheres. This cross-track coverage allows the
evolution of PMC regions to be followed over several consecutive orbits. Localized PMC
variations determined from OMI measurements are consistent with coincident Solar
Backscatter Ultraviolet model 2 (SBUV/2) measurements. Nine seasons of PMC
observations from OMI are now available and clearly demonstrate the advantages of these

measurements for PMC analysis.

Citation: DeLand, M. T., E. P. Shettle, P. F. Levelt, and M. G. Kowalewski (2010), Polar mesospheric clouds (PMCs) observed
by the Ozone Monitoring Instrument (OMI) on Aura, J. Geophys. Res., 115, D21301, doi:10.1029/2009JD013685.

1. Introduction

[2] Satellite measurements of backscattered ultraviolet
(BUV) radiation have been used to monitor stratospheric
profile ozone and total column ozone since the late 1960s
[Heath et al., 1973]. Regular ozone observations began in
November 1978 with the Solar Backscatter Ultraviolet
(SBUV) and Total Ozone Mapping Spectrometer (TOMS)
instruments on the Nimbus-7 satellite [Heath et al., 1975].
Additional TOMS instruments were flown on the Meteor-3
[Gleason et al., 1993], ADEOS [Krueger et al., 1998], and
Earth Probe [McPeters et al., 1998] satellites through 2004. A
second-generation version of the SBUV instrument, desig-
nated SBUV/2, was developed by NOAA for operational use.
Seven SBUV/2 instruments have been flown since 1985 [e.g.,
Frederick et al., 1986; Hilsenrath et al., 1995; DeLand et al.,
2001], and four SBUV/2 instruments are currently operating.

[3] Polar mesospheric clouds (PMCs) are tenuous, narrow
layers of ice crystals that form at 80—85 km altitude only
during a well-defined season in each hemisphere (approxi-
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mately 20—30 days before summer solstice to 60—70 days
after solstice) [e.g., Thomas, 1995]. PMCs are generally
observed at latitudes poleward of ~50°, although observa-
tions down to 40°N do occur [e.g., Taylor et al., 2002].
Thomas et al. [1991] demonstrated that Nimbus-7 SBUV
measurements of backscattered albedo, at wavelengths between
252 nm and 293 nm, could be analyzed to identify the pres-
ence and brightness of PMCs in the upper atmosphere. Since
these measurements are taken during the normal operating
mode of the SBUV instrument, PMC information can be
derived from data obtained by all subsequent SBUV/2
instruments as well. PMC results from combined SBUV and
SBUV/2 data sets have been presented in numerous papers
[e.g., DeLand et al., 2003; Thomas et al., 2003; DeLand et al.,
2007; Shettle et al., 2009]. These results have demonstrated
the existence of two significant long-term variations in PMC
occurrence frequency and brightness: Increasing trends at
most latitudes in both hemispheres and an anticorrelation with
solar activity over solar cycle time scales. However, our
ability to evaluate SBUV/2 measurements for PMC proper-
ties and morphology is constrained by the nadir viewing
geometry and large field of view (nominal size = 11.3° x
11.3° =170 x 170 km at the Earth’s surface). The SBUV/2
instrument samples wavelengths sequentially with a 2 s
interval during normal operations, so that the field of view
moves an additional 70 km along the orbit track during the
measurement of the five wavelengths used in PMC analysis.
The complex small-scale PMC structures shown by data from
the Cloud Imaging and Particle Size (CIPS) instrument on the
Aeronomy of Ice in the Mesosphere (AIM) satellite [Rusch
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Figure 1. Diagram of OMI measurement sequence. Figure provided by Dutch Space and adapted from

Levelt et al. [2006D].

et al., 2009] clearly shows that SBUV/2 measurements typ-
ically observe both PMC and non-PMC regions in every
sample. This averaging process thus reduces the ability of
SBUV/2 measurements to detect faint PMCs, as well as
narrow and isolated bands of bright PMCs.

[4] The Ozone Monitoring Instrument (OMI) is a hyper-
spectral instrument flying on the EOS Aura satellite to
continue the stratospheric profile ozone and total column
ozone record [Levelt et al., 2006a]. Aura was launched on
15 July 2004, and regular operations began in December
2004. OMI measurements have a smaller pixel size and
wider geographic coverage than SBUV/2 measurements,
offering significant advantages for PMC detection and anal-
ysis. Approximately 30—40 OMI nadir view pixels fall within
a single SBUV/2 footprint, improving the ability to identify
small-scale PMC structure. OMI observes most locations
at typical PMC latitudes (>55°) on two or more consecutive
orbits each day, and its coverage extends to 90° latitude in
both hemispheres. This paper presents an overview of the
OMI instrument and the adaptation of the SBUV/2 PMC
detection algorithm for use with OMI data.

2. OMI Instrument and Data Description

[5] Detailed descriptions of the OMI instrument design
and operation are provided by Levelt et al. [2006b] and
Dobber et al. [2006]. OMI is a single monochromator that
covers the wavelength range 264—504 nm, separated into
three spectral ranges with overlapping coverage. The mea-
surements used for PMC analysis are taken from the UV1
channel, which covers the region between 264 and 311 nm
with 0.63 nm spectral resolution. OMI views the Earth in the
nadir direction using a wide field-of-view (FOV) telescope
with a total cross-track coverage of ~114° (Figure 1). The
UV data are binned into 30 rows with equal angular extent,
yielding pixel cross-track widths of 48 km at nadir (rows

15-16), increasing to ~200 km at the outer edges (rows 1
and 30). OMI co-adds five consecutive measurements with
an exposure time of 0.4 s per measurement, which gives a
nominal pixel size of 13 km (along-track) x 48 km (cross-
track) in the nadir rows, increasing to ~25 x 200 km at the
outer edges of the viewing range (Figure 2). We do not use
rows 1 and 30 in this analysis due to problems with signal-
to-noise performance. Over the course of OMI’s 14 daily
orbits, the total cross-track swath of approximately 2600 km
provides nearly full global coverage at the Equator, with
substantial overlap between consecutive orbits at PMC
latitudes.

[6] Instrument throughput changes in the UV1 spectral
region have been analyzed using polar ice cap radiances
[Jaross and Warner, 2008]. The OMI calibration has been
shown to be stable to better than 0.5% (G. Jaross, private
communication, 2009). Since OMI is a single monochro-
mator, the radiance measurements at wavelengths less than
300 nm can have significant stray light contributions from
longer wavelengths because of the rapid spectral variation
in backscattered radiance [e.g., DeLand et al., 2001]. The
operational OMI data employ a stray light correction algo-
rithm developed from both prelaunch calibration tests and
in-flight measurements using dedicated rows of the CCD.
Dobber et al. [2008] describes the use of both spatial and
spectral stray light corrections in the creation of OMI
Level 1b data. These corrections are estimated to reduce the
stray light contamination for UV 1 measurements to less than
5%.

[7] We use OMI Level 1b radiance data from the
Collection 3 processing in this analysis. These data include
quality flags for a variety of parameters at the pixel, swath,
daily, and global levels of instrument data [van den Oord
et al., 2006]. A specific flag of interest is the random tele-
graph signal (RTS) flag, which indicates raw pixels whose
dark current signal tends to shift between multiple stable
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Figure 2. OMI pixel size and row location for UV1 wavelengths relative to orbit track. Note that the

cross-track and along-track plot scales are different.

levels as a result of proton impact damage [Dobber et al.,
2006]. Approximately 30—50 raw pixels are averaged into
each albedo bin used for PMC analysis. Detailed examination
does not currently show an impact on OMI PMC retrievals
when RTS flags are present in the 1b data. However, we do
save these flag values in our PMC data sets, and we will
continue to track the behavior of the retrievals.

[s] OMI Level 2 total ozone data began to show row-
dependent anomalies in June 2007. These anomalies were
soon identified in Level 1b UV1 radiance data as well and
have continued to evolve with time. The detailed behavior
of the row anomaly is complex, but the general effect is to
enhance observed radiance signals in affected rows in the
Northern Hemisphere PMC region (latitude > 40°) by factors
up to 5—10x and to decrease observed Southern Hemisphere
signals in affected rows by factors of 0.6—0.8. The magnitude
of the observed effect also varies with solar zenith angle
(SZA). Detailed discussions of the row anomaly behavior
can be found at http://www . knmi.nl/omi/research/product/
rowanomaly-background.php. At this time, no correction
process is available for these effects in UV1 data. On the basis
of inspection of PMC analysis results, we have chosen to omit
any row from our data processing if its background deviation
from the SZA-dependent variation of the unaffected rows
is greater than 10%. This represents rows 16—23 for the NH
2008 season and rows 14—23 for the SH 2008—2009 season.
Initial NH 2009 results show an expansion of the contami-
nated region in UV1 data to cover rows 7-26. We will con-
tinue to track the status of instrument throughput changes and
row anomaly behavior.

3. OMI PMC Detection Algorithm

[v9] The measurement technique and spectral coverage of
OMI allow us to adapt the SBUV PMC detection algorithm
[Thomas et al., 1991; DeLand et al., 2003, 2007] to analyze
OMI data. This algorithm looks for pixels with albedo
enhancements relative to the Rayleigh scattering background
using data at the five shortest SBUV wavelengths (252—
292 nm) and uses a combination of four tests to distinguish
pixels containing PMCs. Since OMI spectra have a slightly
different wavelength scale for each swath, we interpolate all
spectra to a regular grid with A\ = 0.5 nm for consistent

processing. OMI spectral coverage does not extend as low
as SBUV/2 instruments, so we adopted the revised wave-
length set267.0,275.0,283.5,287.5,and 292.5 nm for OMI
use. We plan to conduct further studies to investigate pos-
sible benefits of using different (or expanded) wavelength
sets. We found that averaging albedo values for three con-
secutive 0.5 nm bins at each PMC analysis wavelength
significantly improved the noise in the albedo data.

[10] The Rayleigh scattering background atmospheric
albedo observed by OMI at the wavelengths used for PMC
analysis varies by almost an order of magnitude with
changing solar zenith angle, and the off-nadir measurements
typically show increased albedo values relative to nadir
measurements by up to a factor of two due to the increased
viewing path through the atmosphere. To allow processing
of all OMI data with a single set of algorithm parameters,
we scale the data for each row to be consistent with nadir-
viewing measurements using geometric terms that are inde-
pendent of the variable atmospheric properties. The following
discussion presents the derivation of this scaling procedure.

[11] The background atmospheric albedo, Ag,y, due to
molecular Rayleigh scattering in the presence of ozone
absorption is given by Bailey et al. [2009], who generalized
an earlier result of McPeters [1980]:

Aray = Pray(©)I'(0 + 1) BN (z0)/{ v [(1/ 1v)
+ ch(,uszA, HOZ)]UCY”C(Z())U}

(1)
Pray(©) is the Rayleigh scattering phase function for a
scattering angle ©, I' is the gamma function, o is the ratio
of the ozone scale height (H,,) to the atmospheric scale
height (assumed to be constant for the altitudes of interest),
0 is the cross section for Rayleigh scattering, N is the
column density of atmospheric molecules above a refer-
ence altitude z(, py is the cosine of the view zenith angle,
usza 18 the cosine of the solar zenith angle, ch is the
Chapman function [Chapman, 1931], « is the cross section
for pure absorption by ozone, and C is the column density of
ozone molecules above that reference altitude. For solar
zenith angles less than 70°, the Chapman function reduces
to 1/ HUSZA-

[12] Equation (1) for the atmospheric albedo can be sepa-
rated into two factors, F(zy) that just depends on the atmo-
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Figure 3. Albedo threshold at 267 nm for PMC detection in the OMI algorithm. The large tick marks
indicate the Northern Hemisphere latitude values in row 15 corresponding to specific solar zenith angle

values on 1 May.

spheric properties and G((ty, f1sz4) that depends primarily on
the viewing/Sun geometry. These factors are defined as

F(z0) = T'(0 + 1)BN(z0)/[0” C(20)°] )

and

G(pv, psza) = PRay(@)/{MV[(l/NV) + Ch(liszmHoz)}a} 3)
It will be noted that the geometric factor G still has some
dependence on the atmospheric properties through the ozone
scale height H,,, and exponent o, the ratio of the ozone scale
height to the atmospheric scale height. However, for the
wavelengths of interest (267-292.5 nm), ozone absorption
limits the backscattered radiance viewed by the satellite to
altitudes between approximately 40 and 60 km. At these al-
titudes, the typical values of ¢ vary from 0.5 to 0.65, and the
use of a median value between 0.55 and 0.58 in equation (3)
reproduces the albedo variation with solar zenith angle to
10%—20%. These variations are due primarily to uncertainties
in o, which is taken to be 0.58, rather than uncertainties in H,,,
affecting the value of the Chapman function. Even a factor of
2 change in the ozone scale height changes the geometric
factor G by as much as 10% only for our most extreme solar
zenith angle of 88°. Dividing the observed atmospheric
albedo 4, by the geometric factor G given in equation (3)
then removes most of the variation of the atmospheric
albedo due to changes in the scattering geometry.

Ascaled = Aobs/G(,UV> ,USZA) (4)

This makes it easier to approximate and remove the back-
ground atmospheric radiance from the measurements with
the clouds. Using this procedure, we find cross-track
agreement in absolute albedo between rows of OMI data to
better than 10% and gives adjusted albedo values for each
row in a format and magnitude consistent with SBUV/2
data. The agreement in albedo between rows reduces the
uncertainty of the background albedo fit to 1%—2%.

[13] For SBUV/2 data, measurements from all orbits for a
single day are combined before calculating the background
fit for PMC analysis. The higher along-track sampling rate
of OMI compared to SBUV/2 (13 versus ~220 km) provides
sufficient measurement density to process each OMI row
separately and furthermore allows each OMI row to be
analyzed individually within a given orbit. This allows the
background fit to the adjusted albedo to be more respon-
sive to any longitudinal variations in stratospheric ozone.
We used out-of-season measurements to represent typical
atmospheric variability, and calculated the albedo standard
deviation as a function of latitude at each wavelength. A
quadratic fit to these data provides a threshold function that
is used to screen out anomalous samples and is also used
to define the residual albedo threshold at 267 nm for PMC
detection (Figure 3). Note that the relationship between
latitude and solar zenith angle varies during the PMC sea-
son. We found that scaling this threshold function up by a
factor of 1.6 was required to decrease PMC occurrence
frequencies below 1% at the start and end of our nominal
season (30 days before summer solstice to 70 days after
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OMI Data for 2007/191, Orbit = 15878, all rows
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Figure 4. OMI PMC albedo values at 267 nm for all detections during orbit 15878 on 10 July 2007.

Data are shown for 5S0°N—90°N latitude.

solstice) [DeLand et al., 2003], as expected based on results
from more sensitive satellite instruments such as Student
Nitric Oxide Explorer (SNOE) [Bailey et al., 2005]. The
combination of higher spatial resolution and greater
geographic coverage means that OMI detects many more
PMCs than an SBUV/2 instrument, which greatly improves
our statistical basis for examining PMC behavior.

4. Sample Results

[14] Figure 4 shows an example of the OMI PMC albedo
values retrieved for orbit 15878 on 10 July 2007 (day 191).
Coherent structure is visible between 70° and 80° latitude in
numerous places, including a large bright region at 68°—
73°N and 75°-95°W. Figure 5 shows the residual albedo
for row 17 only, which extends from approximately 40°N,
50°W—65°N, 170°E in Figure 4. Structure at the sub-100 km
scale is evident at SZA = 70°—80°. Note that some pixels with
residual albedo values exceeding the threshold shown in
Figure 3 are not classified as PMCs based on the results from
additional detection tests, as described in DeLand et al. [2003,
2007]. In some locations of this orbit, retrieved cloud albedo
values can exceed 50 x 10 ° sr ', This is brighter than almost
any PMC albedo value observed by an SBUV/2 instrument
and is a natural consequence of the fact that it is easier to fill a
750 km? OMI pixel with PMCs than a 22,500 km? SBUV/2
pixel. OMI off-nadir measurements can have significantly

different scattering angles (up to 20°-30° higher or lower)
than the coincident subsatellite measurements, so that ice
phase function variations may affect the observed PMC
brightness [Bailey et al., 2009]. Some of the residual albedo
values are negative because of the remaining uncertainties in
our fit of the background, which is subtracted from mea-
surements, as may be noted in Figure 5.

[15] The orbits of the Aura (with OMI) and NOAA-18
(with SBUV/2) satellites have very similar Equator-crossing
times at different altitudes (and therefore have different
orbital periods), so that Aura passes beneath NOAA-18
every 31 orbits, providing good spatial and temporal (At <
15 minutes) coincidences [Shettle et al., 2010]. For these
situations, we find that selecting OMI pixels whose center
lies within 75 km of the center of the SBUV/2 field of view
(FOV) gives approximately 25—28 OMI pixels within each
SBUV/2 FOV. Figure 6 shows a comparison of the NOAA-
18 SBUV/2 residual albedo values at 252 nm for 28 SBUV/
2 events on 3 July 2007 with the average of all coincident
OMI residual albedo values at 267 nm, inside the FOV for
each SBUV/2 measurement. Squares indicate the samples
identified as PMCs by the SBUV/2 algorithm. The corre-
spondence is reasonably linear despite the relatively small
number of data points, with a correlation coefficient of 0.87.
The majority of the PMC detections have higher albedo
values for OMI than for SBUV/2, consistent with our previous
statement that OMI is capable of identifying brighter clouds.
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Figure 5. OMI albedo residual values (observed — background) at 267 nm for all samples from row 17
of orbit 15878 on 10 July 2007, plotted as a function of solar zenith angle. Squares represent pixels where
a PMC was detected, and crosses represent no PMC detection. The corresponding latitudes for regularly
spaced locations are identified with tick marks at the top of the plot.

[16] The large geographic coverage of OMI measurements
makes it possible to track bright PMC regions over successive
orbits. Figure 7 shows the retrieved PMC albedo for six
consecutive orbits on 2007 day 191 (orbits 15873—15878),
focusing on the region 60°N—90°N. A bright region is visible
to the west of Greenland at ~70°N on orbit 15874 and moves
to the west on subsequent orbits. The brightness and internal
structure of the region also evolves during this time. NOAA-
17 and NOAA-18 SBUV/2 observations on this date also
show the presence of a bright region of PMCs near Green-
land. The orbit-by-orbit OMI observations also indicate
the presence of extended voids at high latitudes (e.g., 80°N—
90°N and 110°W—140°W in orbit 15878), as first noted by
Rusch et al. [2009].

[17] Figure 8 shows the seasonal variation of PMC
occurrence frequency observed by OMI in 5° zonal average
latitude bands for the NH 2007 season. Relatively few PMCs
are seen below ~60°N. Daily average occurrence frequency
values of 40%—50% are commonly seen above 80°N, again
higher than corresponding values for SBUV/2 instruments.
Figure 9 shows the corresponding seasonal frequency plot for
the SH 2007-2008 season. PMC frequency values are lower
than NH values for latitudes less than 70° but become sig-
nificantly higher above 80° latitude. It should be noted that
typical scattering angle values at 85°S range between 80° and
90°, whereas scattering angle values at 85°N are approxi-
mately 110°—120°. The ice phase function tends to be smaller
at larger scattering angles, although the magnitude of the

Average OMI Albedo vs. SBUV Residual Albedo
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Figure 6. Residual albedo values for coincident NOAA-18
SBUV/2 and OMI measurements on 3 July 2007. Coinci-
dence criteria are defined in the text. Squares identify the
samples where a PMC was detected in the NOAA-18 sam-
ple. The dashed line indicates a one-to-one relationship in
residual albedo.
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OMI Data for 2007/191: Consecutive Orbits

it = 15874
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267 nm ALBEDO [x 107% sr™']

Figure 7. PMC albedo values at 267 nm observed by OMI for 6 consecutive orbits on 2007 day 191.

Data are shown for 60°N—90°N latitude. Note the evolution of the bright region that is first observed at
70°N, 45°E in orbit 15873.
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difference depends on details of the corresponding particle
size distribution. Thus, increased PMC albedo values due to
ice phase function effects may lead to higher observed
occurrence frequency values in the Southern Hemisphere
high-latitude data. A complete interpretation of the PMC
latitude dependence as observed by OMI also requires an
understanding of the PMC local time variation, which is
discussed further in the study by DeLand et al. [2010].

5. Conclusions

[18] The OMI instrument represents an important advance-
ment in satellite observations of PMCs. While its basic design
provides continuity with the multi-decade SBUV series of
instruments, the optical design and detector characteristics of
OMI greatly improve its usefulness for PMC analysis. The
use of a 2-D CCD detector produces smaller spatial pixels
with continuous UV spectra for every pixel. The wide cross-
track measurement swath provides daily observations up to
90° latitude in each hemisphere and gives multiple coincident
samples every day at most PMC latitudes. DeLand et al.
[2010] describes how we utilize this expanded temporal
sampling to characterize PMC local time variations. In the
future, we intend to use the spectral coverage of the OMI
measurements to derive Angstrom exponent values and thus
investigate PMC particle size behavior.

[19] Acknowledgments. Most of this work was supported by grant
NNHO08CD48C from NASA’s Office of Earth Science. Part of E. P. Shettle’s
work was supported by NRL internal funding from the Office of Naval
Research. We greatly appreciate many insightful discussions with Gary
Thomas and John Olivero. We acknowledge the valuable comments from
three anonymous reviewers.

References

Bailey, S. M., A. W. Merkel, G. E. Thomas, and J. N. Carstens (2005),
Observations of polar mesospheric clouds by the Student Nitric Oxide
Explorer, J. Geophys. Res., 110, D13203, doi:10.1029/2004JD005422.

Bailey, S. M., G. E. Thomas, D. W. Rusch, A. W. Merkel, C. D. Jeppesen,
J. N. Carstens, C. E. Randall, W. E. McClintock, and J. M. Russell III
(2009), Phase functions of polar mesospheric cloud ice as observed by
the CIPS instrument on the AIM satellite, J. Atmos. Sol. Terr. Phys., 71,
373-380.

Chapman, S. (1931), The absorption and dissociative or ionizing effect of
monochromatic radiation in an atmosphere on a rotating earth, Part II.
Grazing incidence, Proc. Phys. Soc. (London), 43, 483-501.

DeLand, M. T., R. P. Cebula, L.-K. Huang, S. L. Taylor, R. S. Stolarski,
and R. D. McPeters (2001), Observations of “hysteresis” in backscattered
ultraviolet ozone data, J. Atmos. Ocean. Tech., 18, 914-924.

DeLand, M. T., E. P. Shettle, G. E. Thomas, and J. J. Olivero (2003), Solar
backscattered ultraviolet (SBUV) observations of polar mesospheric
clouds (PMCs) over two solar cycles, J. Geophys. Res., 108(D8), 8445,
doi:10.1029/2002JD002398.

DeLand, M. T., E. P. Shettle, G. E. Thomas, and J. J. Olivero (2007),
Latitude-dependent long-term variations in polar mesospheric clouds
from SBUV version 3 PMC data, J. Geophys. Res., 112, D10315,
doi:10.1029/2006JD007857.

DeLand, M. T., E. P. Shettle, G. E. Thomas, and J. J. Olivero (2010), Direct
observations of PMC local time variations by Aura OMI, J. Atmos.
Solar-Terr. Phys., ATP2335.

Dobber, M., et al. (2006), Ozone Monitoring Instrument calibration, /[EEE
Trans. Geosci. Remote Sens., 44, 1209—1238.

Dobber, M., Q. Kleipool, R. Dirksen, P. Levelt, G. Jaross, S. Taylor, T. Kelly,
L. Flynn, G. Leppelmeier, and N. Rozemeijer (2008), Validation of Ozone
Monitoring Instrument level 1b data products, J. Geophys. Res., 113,
D15S06, doi:10.1029/2007JD008665.

DELAND ET AL.: PMCS OBSERVED BY OMI

D21301

Frederick, J. E., R. P. Cebula, and D. F. Heath (1986), Instrument charac-
terization for the detection of long-term changes in stratospheric ozone:
An analysis of the SBUV/2 radiometer, J. Atmos. Ocean. Tech., 3,
472-480.

Gleason, J. F., et al. (1993), Record low global ozone in 1992, Science,
260, 523-526.

Heath, D. F., C. L. Mateer, and A. J. Krueger (1973), The Nimbus-4 Back-
scattered Ultraviolet (BUV) atmospheric ozone experiment—Two years’
operation, Pure Appl. Geophys., 106—-108, 1238—1253.

Heath, D. F., A. J. Krueger, H. A. Roeder, and B. D. Henderson (1975),
The Solar Backscatter Ultraviolet and Total Ozone Mapping Spectrometer
(SBUV/TOMS) for Nimbus G, Opt. Eng., 14, 323-331.

Hilsenrath, E., R. P. Cebula, M. T. DeLand, K. Laamann, S. Taylor,
C. Wellemeyer, and P. K. Bhartia (1995), Calibration of the NOAA-
11 solar backscatter ultraviolet (SBUV/2) ozone data set from 1989
to 1993 using in-flight calibration data and SSBUV, J. Geophys. Res.,
100(D1), 1351-1366, doi:10.1029/94JD02611.

Jaross, G., and J. Warner (2008), Use of Antarctica for validating reflected
solar radiation measured by satellite sensors, J. Geophys. Res., 113,
D16S34, doi:10.1029/2007JD008835.

Krueger, A. J., et al. (1998), ADEOS Total Ozone Mapping Spectrometer
(TOMS) Data Product User’s Guide, NASA/TP-98-206857, 62 pp.

Levelt, P. F., E. Hilsenrath, G. W. Leppelmeier, G. H. J. van den Oord,
P. K. Bhartia, J. Tamminen, J. F. de Haan, and J. P. Veefkind (2006a),
Science objectives of the Ozone Monitoring Instrument, /EEE Trans.
Geosci. Remote Sens., 44, 1199-1208.

Levelt, P. F., G. H. J. van den Oord, M. R. Dobber, A. Milkki, H. Visser,
J. de Vries, P. Stammes, J. O. V. Lundell, and H. Saari (2006b), The
Ozone Monitoring Instrument, /EEE Trans. Geosci. Remote Sens., 44,
1093-1101.

McPeters, R. D. (1980), The behavior of ozone near the stratopause from
two years of BUV observations, J. Geophys. Res., 85(C8), 45454550,
doi:10.1029/JC085iC08p04545.

McPeters, R., et al. (1998), Earth Probe Total Ozone Mapping Spectrometer
(TOMS) Data Product User’s Guide, NASA/TP-1998-206895, 70 pp.

Rusch, D. W., G. E. Thomas, W. McClintock, A. W. Merkel, S. M. Bailey,
J. M. Russell III, C. E. Randall, C. Jeppesen, and M. Callan (2009), The
cloud imaging and particle size instrument on the acronomy of ice in the
mesosphere mission: Cloud morphology for the northern 2007 season,
J. Atmos. Solar-Terr. Phys., 71, 356-364.

Shettle, E. P., M. T. DeLand, G. E. Thomas, and J. J. Olivero (2009), Long
term variations in the frequency of polar mesospheric clouds in the
Northern Hemisphere from SBUV, Geophys. Res. Lett., 36, 102803,
doi:10.1029/2008GL036048.

Shettle, E. P., G. E. Nedoluha, M. T. DeLand, G. E. Thomas, and J. J. Olivero
(2010), SBUV observations of polar mesospheric clouds compared with
MLS temperatures and water vapor measurements, Geophys. Res. Lett.,
37,L18810, doi:10.1029/2010GL044132.

Taylor, M. J., M. Gadsden, R. P. Lowe, M. S. Zalcik, and J. Brausch
(2002), Mesospheric cloud observations at unusually low latitudes,
J. Atmos. Sol. Terr. Phys., 64(8-11), 991-999.

Thomas, G. E. (1995), Climatology of polar mesospheric clouds: Interan-
nual variability and implications for long-term trends, in The Upper
Mesosphere and Lower Thermosphere: A Review of Experiment and The-
ory, vol. 87, edited by R. M. Johnson and T. L. Killeen, pp. 185-200,
AGU, Washington, DC.

Thomas, G. E., R. D. McPeters, and E. J. Jensen (1991), Satellite observa-
tions of polar mesospheric clouds by the Solar Backscattered Ultraviolet
radiometer: Evidence of a solar cycle dependence, J. Geophys. Res.,
96(D1), 927-939, d0i:10.1029/90JD02312.

Thomas, G. E., J. J. Olivero, M. DeLand, and E. P. Shettle (2003), Com-
ment on “Are noctilucent clouds truly a “miner’s canary” for global
change?”, Eos Trans. AGU, 84(36), doi:10.1029/2003EO360008.

van den Oord, G. H. J., J. P. Veefkind, P. F. Levelt, and M. R. Dobber
(2006), OMI level 0 to 1b processing and operational aspects, I[EEE
Trans. Geosci. Remote Sens., 44, 1380-1397.

M. T. DeLand, Science Systems and Applications, Inc., 10210 Greenbelt
Rd., Ste. 600, Lanham, MD 20706, USA. (matthew_deland@ssaihq.com)

M. G. Kowalewski, Goddard Earth Science and Technology Center,
University of Maryland Baltimore County, Baltimore, MD 21250, USA.

P.F. Levelt, Royal Netherlands Meteorological Institute, NL-3730 AE,
De Bilt, Netherlands.

E. P. Shettle, Remote Sensing Division, Naval Research Laboratory,
Code 7227, Washington, DC 20375-5351, USA.

10 of 10




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


