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Abstract. This study assesses the robustness of the CALIOR few notable exceptions, PSCs in the various composition
(Cloud-Aerosol Lidar with Orthogonal Polarization) polar classes conform well to their expected temperature existence
stratospheric cloud (PSC) composition classification algo-regimes. We have a good understanding of the cause of the
rithm — which is based solely on the spaceborne lidar dataninor misclassifications that do occur and will investigate
— through the use of nearly coincident gas-phase BINO means to correct these deficiencies in our next generation al-
and HO data from the Microwave Limb Sounder (MLS) gorithm.

on Aura and Goddard Earth Observing System Model, Ver-
sion 5 (GEOS-5) temperature analyses. Following the ap-
proach of Lambert et al. (2012), we compared the observed
temperature-dependent HNY@ptake by PSCs in the vari-
ous CALIOP composition classes with modeled uptake for
supercooled ternary solutions (STS) and equilibrium nitric
acid trihydrate (NAT). We examined the CALIOP PSC data Polar stratospheric clouds (PSCs) play two essential roles
record from both polar regions over the period from 2006 in the springtime chemical depletion of ozone at high lat-
through 2011 and over a range of potential temperature levitudes (Solomon, 1999). First of all, PSC particles serve
els spanning the 15-30 km altitude range. We found that mos®S catalytic sites for heterogeneous chemical reactions that
PSCs identified as STS exhibit gas phase uptake of ﬁNotransform stable chlorine and bromine reservoir species into
consistent with theory, but with a small temperature bias, highly reactive ozone-destructive forms. These heteroge-
similar to Lambert et al. (2012). Ice PSC classification is alsoN€0US reactions are most efficient on liquid supercooled
robust in the CALIOP optical data, with the mode in the ice ternary (HNQ/H2SQu/H20) solution (STS) PSC particles
observations occurring about 0.5 K below the frost point. webecause of the larger total surface area and higher reaction ef-
found that CALIOP PSCs identified as NAT mixtures exhibit ficiencies associated with STS (Lowe and MacKenzie, 2008).
two distinct preferred modes which reflect the fact that theSecondly, if PSC particles grow sufficiently large, they can
growth of NAT particles is kinetically limited. One mode is émove gaseous odd nitrogen from the lower stratosphere
significantly out of thermodynamic equilibrium with respect through gravitational sedimentation, which slows the refor-
to NAT due to short exposure times to temperatures below thénation of the chlorine reservoirs and prolongs the ozone de-
NAT existence temperatur@yar, with HNO3 uptake domi- pletion process. This so-called denitrification is caused pri-
nated by the more numerous liquid droplets. The other NATMarily by solid nitric acid trihydrate (NAT) PSC particles
mixture mode is much closer to NAT thermodynamic equi- Pcause the high number density 0 cni®) of STS par-
librium, indicating that the particles have been exposed tdticles limits them to sub-micron sizes with concomitantly

particle composition in order to capture PSC processes more

1 Introduction
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accurately in global models used to predict the future state ofion algorithm and identify potential improvements that can
the stratospheric ozone layer. be implemented in the next generation algorithm.
Spaceborne observations from the CALIOP (Cloud-
Aerosol Lidar with Orthogonal Polarization) lidar on the
CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder 2 patasets
Satellite Observations) satellite, which commenced in June
2006, are providing a rich new dataset for studying PSCs2.1 CALIOP PSC data
(e.g., Noel et al., 2008; Pitts et al., 2007, 2009, 2011; Noel
and Pitts, 2012). CALIPSO is part of the NASA A-train CALIOP was launched aboard the CALIPSO satellite in
satellite constellation (Stephens et al., 2002), flying in for- April 2006 and became operational in June 2006. CALIPSO
mation with the Aqua, CloudSat, and Aura satellites. Pittsis in a 98.2 inclination orbit which provides excellent cover-
et al. (2009) (hereafter referred to as P09) developed an apge over the polar regions of both hemispheres with measure-
proach for both detection and composition classification ofments up to about 82atitude. CALIOP is a dual-wavelength
PSCs observed by CALIOP. The P09 composition classi{532 nm and 1064 nm), polarization-sensitive (532 nm) elas-
fication algorithm infers PSC composition based on theo-tic backscatter lidar (Winker et al., 2009). The polarization
retical calculations of 532-nm backscatter and depolarizasensitive measurements allow discrimination between spher-
tion for non-equilibrium external mixtures of liquid (binary ical (liquid) and non-spherical (solid) particles. A more de-
H2SOy/H20 or STS) and solid NAT or ice particles, which tailed description of CALIOP and its on-orbit performance
ground-based and airborne lidar measurements indicate aan be found in Hunt et al. (2009) and information on
quite common (e.g., Biele et al., 2001; Toon et al., 2000). calibration of the CALIOP data can be found in Powell
In the absence of simultaneous in situ particle observaet al. (2009). The most current information regarding the
tions, the CALIOP PSC composition classification schemeCALIOP data products and their proper usage can be found
can be evaluated by comparison with other remote measurean the CALIPSO Data Users Guidbt{p://www-calipso.larc.
ments that provide information on particle composition. In nasa.gov/resources/calipssersguide).
one such study, épfner et al. (2009) reported a high de- The P09 PSC detection algorithm uses both the CALIOP
gree of consistency between CALIOP PSC compositions for532-nm scattering ratiaRs32, the ratio of total to molecular
the 2006—2007 Antarctic and 2006/07—2007/08 Arctic win- backscatter, e.g., Cairo et al., 1999) and the 532-nm perpen-
ters and those derived from MIPAS (Michelson Interferom- dicular backscatter coefficienBderp). As described in P09,
eter for Passive Atmospheric Sounding) data on the Envisathe CALIOP stratospheric data are smoothed to a common 5-
spacecraft. A finding of particular note was that for PSCs inkm horizontal by 180-m vertical grid prior to PSC detection
which the spectral signature of NAT was detected by MIPAS, to account for the change in spatial resolution of the Level
about 90 % of coincident CALIOP data were classified as1B CALIOP data products at 20.2 km altitude. PSC detec-
mixed liquid/NAT clouds, lending credence to the CALIOP tion is then performed using a successive horizontal averag-
composition classification scheme. ing (5, 15, 45, 135 km) procedure that ensures that optically
A recent study of the early 2008 Antarctic PSC seasonthicker clouds (e.g., ice and fully developed STS) are found
by Lambert et al. (2012) demonstrated that one can als@t the finest possible spatial resolution while also enhanc-
gain valuable insight into PSC processes by analyzing theng the detection of tenuous PSCs (e.g., low number density
CALIOP data in combination with nearly coincident gas NAT mixtures) that are found only through additional aver-
phase HNQ@ and HO measurements from the Microwave aging. A CALIOP observation is assumed to be a PSC if ei-
Limb Sounder (MLS) on the Aura satellite. Since HNO ther Sperp OF Rs32 €XCeeds a statistical threshold defined as
and/or BO are the major constituents of all PSC particles the median plus four median deviations (five median devia-
(STS, NAT, and HO ice), tracking their uptake by PSCs tions for 5-km averaging) of the background aerosol ensem-
as a function of temperature using MLS data provides con-ble (those data at temperatures above 200 K). The P09 algo-
straints on particle composition and volume density. In thisrithm also introduced a scheme for classifying PSCs by com-
study, we follow the approach of Lambert et al. (2012) to position based on comparison of CALIOP aerosol depolar-
analyze CALIOP PSC observations from 2006—2011 in con-ization ratio §5erosol the ratio of the perpendicular to parallel
junction with the Aura MLS data and temperature analysescomponents of aerosol backscatter, e.g., Cairo et al., 1999)
from the Goddard Earth Observing System Data Assimila-and inverse scattering ratio (R535) with theoretical opti-
tion System (GEOS-5 DAS). Comparison of the observedcal calculations for equilibrium STS and representative non-
uptake of HNQ by CALIOP PSCs with modeled uptake for equilibrium external liquid-solid particle mixtures, assuming
equilibrium STS and NAT indicates how well PSCs in the 50 hPa atmospheric pressure and nominal mixing ratios of
various composition classes conform to expected temperat0 ppbv HNGQ and 5 ppmv HO. As subsequently modified
ture existence regimes and offers some insight into the kinetby Pitts et al. (2011) (hereafter referred to as P11), CALIOP
ics of PSC growth. The overarching goals of this paper arePSCs are now separated into six composition classes: three
to assess the robustness of the P09 composition classificalasses of liquid/NAT mixtures, with Mix 1, Mix 2, and Mix
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2-enhanced denoting increasingly higher NAT number den- Wave
sity/volume; STS (which also includes low number densities o3 '
of NAT particles whose optical signature is masked by the
much more numerous STS droplets at cold temperatures)
H>0 ice; and mountain wave ice, the latter having high par-
ticle number densities~ 10 cnt3) but concomitantly small
(1.0-1.5 um radius) particles (e.g., Fueglistaler et al., 2003). ¢4
Figure 1 shows a composite 2-D histogram of CALIOP PSC
observations from the 2009—2010 Arctic winter in 8gosol «
vs. 1/ Rs3, coordinate system, with the boundaries of the six 22
P11 composition classes denoted by the black lines. -
For this study, we have slightly modified the P09/P11 com- ;.|
position classification scheme to ensure a more robust sepa
ration between STS PSCs and PSCs containing non-spherice 1.0 : . . . 0.0
particles. PSC detection and composition classification were 1Ry,
done independently in the PO9/P11 algorithm, so it is possi-
ble that a PSC detected through an enhancemefdip a Fig.. 1. Composite 2-D histogram of qll CALIOP PSC observations
clear indicator of non-spherical particles, could be classified@uring the 2009-2010 Arctic winter in tfigerosolVs. I/ Rsp cO-
as STS because the calculatizgrosovalue fell in the STS ordinate system, with the solid black lines denoting the boundaries

iti - due t t noi C I of the six PSC composition domains defined by P09 and the dashed
composition regime due {o measurement noISe. LONVErsely, , . denoting the domains of the two new composition sub-classes

a PSC detected strictly through an enhancemeRt# with defined by P11. The histogram bin size i®Dx 0.02 (both unit-

no detectable enhancementfiperp could be classified as a  jess) and the color scale indicates the number of cloud observations
liquid/NAT mixture or ice because the derivégerosolfell falling within each bin.

outside the STS regime due to noise. We correct these incon-
sistencies for the present study by including two additional
constraints: (1) PSCs detected through an enhancement ifling between adjacent mixture classes due to random noise
BperpWill be classified as NAT mixtures or ice PSCs (depend-jg likely.
ing on the magnitude oRs32) regardless of the calculated  Temperature profiles at each CALIOP measurement lo-
Saerosolvalue (similar to the constraintimposed by Lambert et cation are also included in the CALIOP Level 1 data files.
al., 2012), and (2) PSCs exhibiting no enhancememhi,  The temperature data have been interpolated to the CALIOP
will be classified as STS regardless of the calculate@hsol  Level 1 measurement locations from the Goddard Earth Ob-
value. serving System Model, Version 5 (GEOS-5) six-hourly grid-
The boundaries drawn between the composition classes d@ed analyses (0°3atitudex 0.67 longitude) (Rienecker et
not reflect the inherent uncertainty in the CALIOP measure-a|., 2008). To match the standard PSC grid, the GEOS-5 data
ments. Hence, the boundaries are actually “fuzzy” and tog-are smoothed to the 5-km horizontal resolution and interpo-
gling between adjacent composition classes on short spatiahted to the 180-m vertical grid.
scales may be simply due to measurement noise rather than
a true change in composition. We have analyzed a large erp.2 Aura MLS
semble of data from the 2009-2010 Arctic winter to better
characterize the crosstalk between composition classes dughe Aura MLS detects thermal microwave emission from the
to measurement noise. We found that there is some overkarth’s limb (Waters et al., 2006) along the line-of-sight in
lap in the probability density functions (PDFs) Bferp for the forward direction of the Aura spacecraft flight track. Ver-
STS and NAT mixture classes, analogous to the overlap irtical scans made from the Earth’s surface to a 90 km tangent
SaerosolPDFs described in detail in P09. We estimate that 5-height every 24.7 s provide a total of 3500 vertical profiles
6 % of PSCs classified as STS may actually be NAT mixturesper day with a horizontal along track spacing of 1.5 degrees
whereas only 1-2 % of PSCs classified as NAT mixtures may(165km) and nearly global latitude coverage fronf 82
actually be STS. We have a high degree of confidence in th&2° N. The limb radiance measurements are inverted using
classification of ice PSCs; median uncertainties iRk, a 2-D optimal estimation retrieval (Livesey et al., 2006) to
and §aerosolfor ice PSCs are around 0.03 and 0.13, respecyyield atmospheric profiles of temperature and composition
tively, and therefore it is unlikely that ice PSCs would be in the vertical range 8-90 km (Livesey et al., 2006). For the
misclassified as NAT mixtures due to measurement noise. Weertical range relevant for PSCs, the MLS version 3.3 mea-
have less confidence in the separation of NAT mixtures intosurements (Livesey et al., 2011) have typical single-profile
Mix 1, Mix 2, and Mix 2-enhanced classifications. Median precisions of 4—15 % for D (Read et al., 2007; Lambert et
uncertainties in ARg3, and daerosoifor NAT mixture PSCs  al., 2007) and 0.7 ppbv for HN§XSantee et al., 2007). Ver-
as a whole are around 0.1 and 0.2, respectively, so that togical and horizontal along-track resolutions are 3.1-3.5km
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and 180-290 km for BO, and 3.5-5.5km and 400-550 km
for HNOs.

Since Aura flies in formation with CALIPSO in the A-
train satellite constellation, CALIOP and MLS measurement >
tracks are closely aligned with spatial and temporal differ- &
ences less than 10km and 30 after a repositioning of the
Aura satellite in April 2008 and about 200km and 7-8 min £
prior to 2008 (see Lambert et al., 2012). To produce a co- §
located dataset, the MLS gas species measurements are ir5
terpolated to the CALIOP PSC grid using a weighted aver- §
age of the two nearest MLS profiles. In addition, ancillary
meteorological parameters from the Aura MLS Derived Me-
teorological Products (DMPs) (Manney et al., 2007), such as
equivalent latitude, are also mapped onto the PSC grid. 0

1

85 190 195 200

3 Data analyses

Our basic approach is to combine CALIOP PSC observations
with nearly coincident Aura MLS gas species measurements
and GEOS-5 temperature analyses to track the uptake of ga
phase HNQ as a function of temperature. Comparing the ob-
served HNQ uptake with theoretical equilibrium HN{Qup-
take for NAT and STS indicates how well CALIOP PSCs in
the various composition classes conform to expected temper:
ature existence regimes and also offers some insight into PSCS
growth kinetics. Figure 2 shows theoretical gas-phase EINO S
uptake curves assuming thermodynamic equilibrium condi-
tions for STS (Carslaw et al., 1995) and NAT (Hanson and
Mauersberger, 1988) at pressures of 30 and 50 hPa, assun
ing mixing ratios of 5 and 10 ppbv of total HNO5 ppmv
of Ho0, and 0.1 ppbv HSOy. The curves are presented as a
function of absolute temperature in Fig. 2a and as a function
of T —Tice in Fig. 2b, wherelic is the frost point temperature Fig. 2. Theoretical equilibrium uptake of HNfby STS (square
calculated using the Murphy and Koop (2005) relationship.Symbols) and NAT as a function (d) temperature antb) 7 —Tice.
The figure illustrates clearly that in tH — Tice coordinate ~ Red and black curves/symbols: 10 ppbv HNG ppmv H0; blue
system, the individual curves collapse into essentially single?"d 9reen curves/symbols: 5 ppbv HAG ppmv FO.
STS and NAT uptake curves, removing variations due to dif-
ferences in atmospheric pressure level and local changes in
H>O partial pressure (Drdla et al., 2003). ozone loss and its climate interactions) project conducted that
For this assessment, we examined the CALIOP PSC datavinter from Kiruna, Sweden (P11;@nbrack et al., 2012).
record from both polar regions over the period from 2006 The 2009-2010 winter was characterized by unusually cold
through 2011 and over a range of potential temperature levelsonditions in the stratosphere from mid-December through
spanning the 15-30 km altitude range. As will be discussedlanuary that resulted in widespread PSCér(brack et
in Sect. 4, particle sedimentation and subsequent denitrifial., 2012; P11; Khosrawi et al., 2011). The distribution of
cation complicate the interpretation of the gas-phase EINO PSCs observed by CALIOP during the 2009-2010 winter
uptake and can also affect composition classification. As gFig. 1) spans nearly the entifgerosolVS. 1/ R53> measure-
result, data from the Antarctic, where the stratosphere is subment space with significant numbers of PSCs in all six com-
ject to severe denitrification and partial dehydration everyposition classes, providing an excellent dataset for assessing
winter, are particularly difficult to interpret. For discussion, the robustness of our composition classification. Although
we focus on CALIOP and MLS data from the 2009-2010 denitrification occurred during the 2009-2010 Arctic win-
Arctic winter which complemented focused measurementder, average HN@ abundances between 475-575K poten-
from an extensive field campaign under the European Uniortial temperature in January were close to 10 ppbv (Khosrawi
RECONCILE (reconciliation of essential process parame-et al., 2011), our standard value for defining the composi-
ters for an enhanced predictability of Arctic stratospheriction boundaries. In Sect. 4, we will examine an Antarctic

hase HNO,, ppbv
(6)]
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Fig. 3. Uptake of nitric acid as a function @f — Tjce for CALIOP Arctic PSC observations at 490 K potential temperature during 1 December
2009-31 January 2010 f¢a) STS,(b) Mix 1, (c) Mix 2, (d) Mix 2-enh, and(e) ice clouds. The histogram bin size is 0.25 ppb9.25 K

and the color scale indicates the number of cloud observations falling within each bin. Black lines are reference equilibrium uptake curves
for STS (left) and NAT (right) assuming 16 ppbv HN¥@nd 5 ppbv HO.

case to illustrate that our standard Mix 2/ice compositionreduces this FOV bias while at the same maintains a large en-
boundary may not be appropriate under severe denitrificasemble of scenes for analysis.
tion/dehydration conditions. Figure 3 shows 2-D histograms of MLS HNQ@ptake vs.
Although the Aura MLS measurement locations and timesT — Tice for CALIOP PSC observations by composition class
are nearly coincident with CALIOP, the spatial resolution of for 1 December 2009—-31 January 2010 at the 490 K potential
the MLS gas species data is much coarser than that of theemperature lever 21 km).T is the ambient temperature at
CALIOP PSC data. The ability of MLS to accurately retrieve the CALIOP observation point (from the GEOS-5 gridded
the reduction in gas-phase HN@ue to uptake by PSCs will analyses) andice is the frost point temperature (Murphy and
depend on both the spatial extent and homogeneity of th&oop, 2005) calculated using the coincident Aura MLS gas-
PSC. If the roughly 4-km vertical by 400-km horizontal MLS phase HO abundance. As a guide for the reader’s eye, refer-
field of view (FOV) is not completely cloud-filled, the re- ence equilibrium uptake curves for STS and NAT are overlaid
trieved HNQ; value will be biased due to the influence of the in the figures assuming total abundances of 16 ppbv EINO
higher background HN®in non-cloudy regions of the FOV. and 5 ppmv HO, which are representative of early Decem-
Based on sensitivity studies, we have restricted our analyber values at this level. Most observations classified as STS
ses to scenes in which the MLS FOV is at least 75 % filled (Fig. 3a) are clearly aligned with the reference STS equilib-
with PSC observations. This is a reasonable compromise thaium curve, as would be anticipated since STS droplets are
thought to grow fast enough to maintain equilibrium with
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Fig. 4. Example of noise-induced misclassification in a CALIOP PSC scene from an orbit on 9 January 2010. PSC composition class is
indicated by color scale at right.

the gas phase HN The main STS data cluster does lie ond mode to represent parcels that have been exposed to
at slightly lower temperatures than the reference equilib-temperatures belownar for extended periods of time, al-
rium curve, a finding consistent with Lambert et al. (2012) lowing a larger fraction of the gas-phase HNt condense
who suggested that this may be indicative of a bias in theonto the NAT particles and bringing the mixture closer to
GEOS-5 temperature data. Also of note in Fig. 3a is the secNAT equilibrium. To explore these two NAT mixture modes
ondary family of observations that lies along the referencefurther, we have examined the temperature histories along
NAT equilibrium uptake curve at temperatures too warm for ten-day backward isentropic trajectories initiated at a sub-
STS. We interpret these points to be NAT mixtures that haveset (every fifth point horizontally and every third point verti-
been misclassified as STS because their meagiyggllies  cally) of CALIOP PSC observation points in Fig. 3a—d. The
below the detection threshold for non-spherical particles dudrajectories were produced using the Chemical Lagrangian
to noise. This phenomenon manifests itself in the form of Model of the Stratosphere (CLaMS) (McKenna et al., 2002)
“speckle” in the images of CALIOP PSC observations color- with wind and temperature fields from the European Cen-
coded by composition, as shown in Fig. 4 for an orbit trackter for Medium-range Weather Forecasts (ECMWF) analy-
on 9 January 2010. Although the vast majority of PSC obserses. From these temperature histories, we are able to esti-
vations in this scene are classified as NAT mixtures, there is anate the time the air parcel arriving at each CALIOP PSC
random speckling of green (STS color code) pixels through-observation point was exposed to temperatures b&lgyy.
out the cloud, which are very likely NAT mixtures also, but The average exposure time for all of the CALIOP PSC ob-
have been misclassified as STS. For the 2009-2010 winservations that fall in each 0.25 ppk\0.25 K histogram bin
ter, some 5-6% of points classified as STS lie along theis shown in Fig. 5. The results of Fig. 5 clearly indicate that
NAT equilibrium curve, a fraction consistent with the noise- NAT mixture observations that occur along the NAT equilib-
induced overlap in thgperp PDFs for STS and NAT mixtures  rium curve have been exposed to temperatures b&lgw
as discussed earlier. It may be possible to eliminate speckléor much longer time periods than the non-equilibrium NAT
by additional averaging over altitude or by applying a spatialmixtures that fall along the STS equilibrium curve, thus sup-
filter that assumes composition homogeneity over appropriporting our interpretation of Fig. 3.
ately small spatial scales. We plan to investigate this in our We also considered two other sources of uncertainty that
next generation algorithm. could impact the uptake analyses shown in Fig. 3. One is the
The HNG; uptake as a function &f — Tice for PSCs clas-  variability in PSC composition over the MLS FOV, which
sified as NAT mixtures is shown in Fig. 3b—d. The observa-we addressed by analyzing the subset of scenes in which the
tions cover a broad range of temperatures from rigarto MLS FOV was> 75 % filled with PSC observatiorand at
Tice+7-8 K, and the uptake of HN§for each of the NAT  least 2/3 of those observations were of a single PSC compo-
mixture classes exhibits two distinct modes. We interpret thesition. The HNQ uptake plots for this subset of scenes were
mode that is closely aligned with the STS equilibrium curve very similar to those in Fig. 3, leading us to the conclusion
to represent air parcels with relatively brief exposure to tem-that the nature of the uptake plots is not an artifact of com-
peratures below the NAT existence temperatlifgy. These  position inhomogeneity. We also considered the impact of
parcels contain NAT particles that produce a detectable enMLS and GEOS-5 measurement uncertainties. Uncertainty
hancement ifBperp, but the uptake of HN@is dominated by  in MLS HNOs coupled with the FOV bias accounts for no
the much more numerous liquid droplets at lower tempera-more than 1-2 ppbv of the spread in data points along the
tures. For these mixtures, the CALIQHerp signal is more  HNOg3 axis in Fig. 3. Uncertainty in MLS (D and GEOS-
sensitive to the presence of the NAT particles than the MLS5 temperatures producest1 K spread in data points along
gas-phase HN@uptake observations. The second mode ofthe T — Tice axis. Therefore, neither of these can explain the
NAT mixture observations is more closely aligned with the separation of data points into distinct families along the STS
NAT equilibrium HNG; uptake curve. We interpret this sec-
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Black lines are reference equilibrium uptake curves for STS (left) and NAT (right) assuming 16 pphby &G ppbv HO.

and NAT equilibrium curves, which we have interpreted as atain wave ice PSCs are easily detected and properly classified
manifestation of a real difference in PSC growth kinetics. by CALIOP at the highest PSC resolution (5 kmi80 m).

The HNGQ; uptake for observations identified as ice PSCsHowever, given the relatively coarse resolution of both the
during the 2009-2010 Arctic winter is shown in Fig. 3e. Ice GEOS-5 gridded analyses and Aura MLS HiNfeasure-
PSCs are expected to occur only at temperatures near armdents, small scale wave features are more difficult to fully
below Tice, with almost complete uptake of gas-phase HNO resolve. The amplitude of the temperature perturbations as-
by STS (and/or NAT) prior to the temperature having reachedsociated with these waves is typically underestimated in the
Tice- In the CALIOP observations, there is a clear maximum GEOS-5 gridded analyses, and the localized uptake of §INO
in ice PSCs at temperatures near or beliyy and HNG by the STS in the cold phase of the waves will be underes-
values below 2 ppbv, but ice observations also extend to temtimated by MLS. To illustrate this point further, gas-phase
peratures abovéce and larger HN@ abundances. Although HNO3 uptake associated with CALIOP ice PSCs for the pe-
this would appear to be a misclassification, i.e., ice PSCgiods 1-15 January 2010 and 16—31 January 2010 are shown
occurring at temperatures outside their expected thermodyin Fig. 6. The ice observations at anomalously warm temper-
namic existence regime, we are confident that the ice clasatures and relatively large HNGnixing ratios are primarily
sification is correct since the large optical signal (b&ta, confined to the first two weeks of January when mountain
and Bperp) produced by ice PSCs is a robust signature. Thewaves were the main forcing mechanism for ice cloud for-
anomalous points in Fig. 3e are likely caused by differencegnation. After about 15 January, ice PSCs were observed on
in measurement resolution among CALIOP, GEOS-5, andmuch larger spatial scales associated with synoptic-scale re-
MLS. Prior to mid-January, the vast majority of ice PSCs gions of temperatures below the frost point, and both GEOS-
were associated with orographic wave events that occurre® and MLS are able to better resolve such features.
on relatively small spatial scales (e.g., P11). With the high Histograms of PSC occurrence 5 Tice for 1 Decem-
spatial resolution sampling of CALIOP and the inherently ber 2009-31 January 2010 are depicted in Fig. 7a for all
large scattering ratio values associated with ice PSCs, mourncALIOP composition classes shown in Fig. 3. These were
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Fig. 6. HNO3 uptake as a function &f — Tice for CALIOP ice PSC observations durifg) 1-15 January 2010 arfd) 16—31 January 2010.
Orographic waves were the primary forcing mechanism for ice PSCs during 1-15 January, while larger-scale synoptic cooling formed ice
PSCs during 16—-31 January. The color scale is the same as in Fig. 3.
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Fig. 7. Histograms of CALIOP PSC observations at 490 K potential temperature during 1 December 2009-31 January 2010 as a function of
(@) T — Tice and(b) T — Teq by composition: STS (light blue), Mix 1 (green), Mix 2 (orange), Mix 2-enh (red), and ice (dark blue).

produced from Fig. 3 by simply summing observations overtered about 1 K below the STS equilibrium temperature ex-
HNOj3 bins. For compositions other than ice, the histogramscept for the positive tail in the distribution due to speckle.
are restricted to observations with HN@alues greater than The peak at 1K below equilibrium may be an indication of

1 ppbv to avoid the region where the NAT and STS equi-a cold bias in the GEOS-5 temperature analyses as noted by
librium curves converge. The behavior of the ice PSC clasd.ambert et al. (2012). The distribution of each NAT mixture
can be assessed directly from Fig. 7a. The mode of the icelass is bimodal with one mode near the NAT equilibrium
PSC distribution is centered at a temperature slightly belowtemperature and a second, more populous mode at 4-5K be-
the frost point (also consistent with Lambert et al. 2012) low NAT equilibrium — which is very near the STS mode in
with a full-width-half-maximum of about 1K. The longer T — Tice space (Fig. 7a). As mentioned earlier in the discus-
positive tail in the ice PSC distribution is due to warm bi- sion of Figs. 3 and 5, this bimodality is a consequence of dif-
ased temperatures associated with the wave ice events. Terent exposure times to temperatures befaar. The fact
properly assess composition classes other than ice, a tranthat the NAT mixture histograms are distinctly bimodal, i.e.,
formation to T — Teq is required.Teq is defined asTice, the mixtures do not occur uniformly over the space between
TnaT, OF TsTs, depending on the PSC composition classifi- Tnat andTsts, is quite interesting and may indicate a rapid
cation, and is calculated using the Murphy and Koop (2005)switch from the thermodynamically metastable STS to stable
(Tice), Hanson and Mauersberger (198&)47), and Carslaw  NAT after sufficient time belowliyar .

et al. (1995) {st9 relationships with the coincident MLS Histograms of PSC occurrence &= Tice andT — Teq for
HNO3 and HO abundances. Histograms of PSC occurrencefive seasons in the Arctic (2006-2011) are shown in Fig. 8.
vs. T — Teq for 1 December 2009-31 January 2010 are de-These multi-year histograms are similar in nature to as those
picted in Fig. 7b (note that other than the change in scalefor the 2009-2010 Arctic season (Fig. 7), with observations
the ice PSC distribution is unchanged from Fig. 7a). STSin all composition classes conforming to expected thermody-
PSCs occur over a relative narrow temperature range cemamic existence regimes. The notable exceptions again are
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Fig. 8. Histograms of CALIOP PSC observations at 490 K potential temperature during five Arctic winters (2006—-2011) as a function of
(@) T — Tice and(b) T — Teq by composition: STS (light blue), Mix 1 (green), Mix 2 (orange), Mix 2-enh (red), and ice (dark blue).
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Fig. 9. Histograms of CALIOP PSC observations at 490 K potential temperature from six Antarctic winters (2006—2011) as a function of
(@) T — Tice and(b) T — Teq by composition: STS (light blue), Mix 1 (green), Mix 2 (orange), Mix 2-enh (red), and ice (dark blue).

observations classified as STS at anomalously warm tem4 Impact of denitrification on composition classification
peratures, which are likely NAT clouds misclassified due to
noise inBperp (Speckle) and the ice PSCs at (apparent) tem-The composition class boundaries defined by P09 and P11
peratures above the frost point, which are associated wittare based on a standard set of conditions: 50 hPa atmo-
orographic waves, the predominant mechanism for ice PSGpheric pressure and nominal mixing ratios of 10 ppbv HNO
formation in the Arctic. Histograms of PSC occurrence vs.and 5ppmv HO. For most Arctic winters and early in the
T — Tice andT — Teq for six seasons in the Antarctic (2006— Antarctic winter, these values are representative. However,
2011) are shown in Fig. 9. Although less pronounced than irthe Antarctic is subject to severe denitrification and partial
the Arctic, a small number of anomalously warm STS pointsdehydration every winter, with HN®being nearly totally
also appear in the Antarctic STS histogram. Ice PSC formadepleted at times in the interior of the vortex. These extreme
tion in the Antarctic occurs more frequently and generally onconditions can have a significant impact on the location of the
larger spatial scales than in the Arctic and as a consequendgoundary between ice and NAT mixture (Mix 2 and Mix 2-
ice PSC observations at (apparent) temperatures above ttenh) PSC domains. Shown in Fig. 10a are theoretical calcula-
frost point are less common. These multi-year histogramgions of CALIOP optical signals for various liquid/NAT mix-
represent approximately 1.2 million Arctic and 6.8 million tures and ice computed for the standard conditions (10 ppbv
Antarctic PSC observations and provide confidence that thédNO3). The ice PSCs, which are assumed to form from fully
P09/P11 composition classification is producing results thatleveloped STS, are the arm of points extending up and to the
are consistent with theoretical expectations for each comporight from the STS domain at/Rs3, ~0.2. For compari-
sition class. son, Fig. 10b depicts theoretical calculations for denitrified
conditions of 5 ppbv HN@. The reduction in available con-
densable HN@ limits the growth potential of the STS and
NAT particles, resulting in a systematic shift of the optical
signals from STS and NAT mixtures to smaller scattering ra-
tios (larger ¥ Rs3,) values. For these denitrified conditions,
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Fig. 10.Theoretical calculations of CALIOP optical signals for var-
ious liquid/NAT mixtures and ice computed for tted standard and

(b) denitrified conditions. Points are color-coded by particle number
densities as indicated in scale on right.

1R,
STS only extends to/Rs3, values of~ 0.3 and as a result - l -
the location of the departure of the arm of ice points from 300 3000 30000
the STS domain is shifted to the left. Therefore, to properly Number of PSC observations

account for denitrification in our c_:omposition cla_ssificatiop Fig. 11.Distribution of CALIOP PSC observations f¢a) June and

scheme, the boundary between ice and NAT mixture (MiX (b) August 2009 in selected equivalent latitude bands as indicated

2 and Mix 2-enh) PSC domains should be shifted to smallerat the top of each panel. The colors represent the density of the PSC

scattering ratio values (largey Rs3, values). The magnitude observations in each bin relative to the maximum. The white dashed

of the shift is a function of the total abundance of HNO lines indicate the axis of the ice PSC observations. The bin size is
The effects of denitrification can also clearly be seen in the0-02x 0.02 (both unitless).

CALIOP PSC observations. For example, shown in Fig. 11a

is the distribution of PSCs observed by CALIOP for June . . L

2009 in an equivalent latitude band betweeh @nd 76 S. CALIOP observations in August 2009 deep inside the vor-

The total HNG mixing ratio during June was decreasing as tex at equivalent latitudes pet_ween"Sand 90, Thg_to—
denitrification began, but on average was close to our stant—al HNQ; abundance at this time had dropped 5|gn|f|_ca_n_tly
dard value of 10 ppbv. The period was dominated by fully from early season values to around_ 5 ppbv or Iess_hml_tlng
developed STS (maximum along tligeroso= 0 axis) and the gr0\_/vth of Fhe. STS an(_j NAT particles a.”d result_lng na
ice PSCs, with a small number of mixtures. Similar to the discernible shift in the point where the axis of the ice arm
theoretical calculations (Fig. 10a), the arm of ice PSC ob-departs from the STS mode to #Rs3, value of about 0.3
servations (dashed white line) departs from the STS maxi-(Slmllar to Fig. 10b).
mum at ¥ Rg3, values of 0.2. In contrast, Fig. 11b depicts
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2.0410° w or Tice, 0Ne would expect the ice PSC histogram to be Gaus-
sian with a mode af" — Tjce = 0. The mode of the actual
histogram is slightly below the frost point, but the positive
tail of the distribution appears to be truncated relative to the
negative tail. The Mix 2-enh distribution also has a maxi-
1 mum near the frost point, some of which may be misclassi-
fied ice, but also extends to warmer temperatures as would be
expected for NAT mixtures. To account for denitrification in
our composition classification, we should shift the ice/Mix 2-
enh boundary appropriately based on the total abundance of
‘ HNOs. To demonstrate this, Fig. 12b shows histograms for
-5 U 5 10 composition classification using an ice/Mix 2-enh boundary
T-Tice, K . . .
of 1/Rs3,=0.3. For this case, there has been a redistribu-
03 tion of compositions with over a 50 % increase in the num-
Nice = 65047 1 ber of ice clouds, which had been classified as Mix 2-enh in
Nmix2-enh = 108805 - our standard case. The shape of the ice PSC distribution in
] this case appears to be more Gaussian-like than in the stan-
dard case, with no obvious truncation of the positive tail. Fig-
1.0:10%- ] ure 12c¢ shows histograms for composition classification us-
I ] ing an ice/Mix 2-enh boundary of/Rs3, = 0.4. This results
in more than a doubling of the number of ice PSCs relative to

Standard Case 1/Rg,,=0.2

Nice = 40680
Nmix2-enh = 131191

1.5410%+

1,004

Number

5.0-10°

2.010% T T
- (b) Denitrified Case 1/R,,

15410

Number

! ] the standard case, but the ice PSC distribution now shows a
I 1 noticeable extension to warmer temperatuf@s ¢ 3 K), in-
0 " . . - dicating that the boundary has been shifted too far to the left
T-Tice, K with some Mix 2-enh clouds now being misclassified as ice.
2.0410° w w 7 In practice, it will be difficult to accurately account for the
(c) Denitrified Case 1/R,;, =04 magnitude of denitrification since most HY@®easurements

i  Nice = 91805 | are gas phase only and are impacted by uptake on PSC parti-

1.5410% - Nmix2-enh = 85723

cles. One possible option would be to produce a “cloud-free”
MLS HNOj3 dataset using the CALIOP PSC observations to
1.0410¢ - ] filter out Aura MLS measurements that may be impacted by
[ ] uptake by PSC particles.

Number

5.010°|

o: ‘ ‘ ‘ | 5 Summary and future direction

-5 0 5 10
T-Tice, K

We have used Aura MLS gas phase HN&nhd HO mea-
Fig. 12.PDFs of ice (blue) and Mix 2-enh (red) PSC observations in surements along with GEOS-5 temperature analyses to in-
the 75-90 S equivalent latitude band for August 2009 as a function dependently assess the CALIOP PSC composition classifi-
of T — Tice Using an ice/mix 2-enh boundary () 1/Rs3,=0.2,  cation scheme, which is based solely on the lidar optical
(b) 1/Rs32= 0.3, and(c) 1/ Rs32 = 0.4. measurements. Our approach was to examine the uptake of
HNOs as a function off’ — Tice to determine if the assigned
PSC composition is consistent with the thermodynamic ex-
The implication from Figs. 10 and 11 is that some ice PSCsistence regimes for STS, NAT, and ice. MLS Hpl@alues
are being misclassified as NAT mixtures during periods ofwill be biased when the PSCs only partially fill the instru-
moderate to severe denitrification, which primarily occur in ment's FOV. To reduce this bias, we limited our analyses to
the Antarctic. To explore this possibility, we examine in more scenes in which the MLS FOV is at least 75 % filled with
detail the ice and Mix 2 PSC observations from the AugustPSC observations.
2009 period in the Antarctic. Histograms of ice and Mix 2-  PSCs identified as STS exhibit gas phase uptake of HINO
enh PSC occurrence as a function7of- Tice from the in- consistent with theory, but with a small temperature bias,
terior of the vortex in August 2009 are shown in Fig. 12. consistent with previous studies. Somef %) of points be-
Figure 12a depicts histograms for composition classificationing classified as STS are actually liquid/NAT mixtures whose
using our standard ice/Mix 2-enh boundary g3, = 0.2). Bperp falls below the NAT mixture detection threshold due
With random measurement noise and no bias in temperaturo negative noise excursions. This phenomenon commonly
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