Atmos. Chem. Phys., 12, 2892931, 2012 iy —* -

www.atmos-chem-phys.net/12/2899/2012/ Atmospherlc
doi:10.5194/acp-12-2899-2012 Chemls_try
© Author(s) 2012. CC Attribution 3.0 License. and Phys|cs

B

A-train CALIOP and MLS observations of early winter Antarctic
polar stratospheric clouds and nitric acid in 2008

A. Lambert!, M. L. Santee!, D. L. Wul", and J. H. Chaé-™

INASA Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California, USA
“now at: NASA Goddard Space Flight Center, Greenbelt, Maryland, USA
" now at: Department of Geological Sciences, University of Texas at Austin, Austin, Texas, USA

Correspondence toA. Lambert (alyn.lambert@jpl.nasa.gov)

Received: 4 October 2011 — Published in Atmos. Chem. Phys. Discuss.: 31 October 2011
Revised: 9 March 2012 — Accepted: 12 March 2012 — Published: 23 March 2012

Abstract. A-train Cloud-Aerosol Lidar with Orthogonal Po- the depletion is more clearly correlated with prior exposure
larization (CALIOP) and Microwave Limb Sounder (MLS) to temperatures a few kelvin above the frost-point. From the
observations are used to investigate the development of pceombined data we infer the presence of large-size NAT parti-
lar stratospheric clouds (PSCs) and the gas-phase nitric acides with effective radi-5—7 um and low NAT number den-
distribution in the early 2008 Antarctic winter. Observa- sities<1 x 10~2cm~3. This denitrification event is observed
tional evidence of gravity-wave activity is provided by At- close to the pole in the Antarctic vortex before synoptic tem-
mospheric Infrared Sounder (AIRS) radiances and infraredoeratures first fall below the ice frost point and before the
spectroscopic detection of nitric acid trihydrate (NAT) in widespread occurrence of large-scale NAT PSCs. An episode
PSCs is obtained from the Michelson Interferometer for Pas-of mountain wave activity detected by AIRS on 28 May 2008
sive Atmospheric Sounding (MIPAS). Goddard Earth Ob- led to wave-ice formation in the rapid cooling phases over
serving System Data Assimilation System (GEOS-5 DAS)the Antarctic Peninsula and Ellsworth Mountains, seeding an
analyses are used to derive Lagrangian trajectories and to deutbreak of NAT PSCs that were detected by CALIOP and
termine temperature-time histories of air parcels. We useMIPAS. The NAT clouds formed at altitudes of 18-26 km in
CALIOP backscatter and depolarization measurements t@ polar freezing belt and appear to be composed of relatively
classify PSCs and the MLS measurements to determine themall particles with estimated effective radii of around 1 um
corresponding gas-phase HN@s a function of tempera- and high NAT number densities0.2 cn3. This NAT out-
ture. For liquid PSCs the uptake of HN@llows the theo-  break is similar to an event previously reported from MIPAS
retical equilibrium curve for supercooled ternary solutions observations in mid-June 2003.

(STS), but at temperatures about 1K lower as determined
from GEOS-5. In the presence of solid phase PSCs, above
the ice frost-point, the HN@depletion occurs over a wider 1
range of temperatures (+2 te7 K) distributed about the

NAT equilibrium curve. Rapid gas-phase Hil@epletion  pg|ar stratospheric clouds (PSCs) are the key mediator in po-
is first seen by MLS from from 23-25 May 2008, consisting |5y ozone depletion by enabling heterogeneous processes that
of a decrease in the volume mixing ratio from 14 ppbv (partsyg|ease halogens from relatively stable reservoir species. The
per billion by volume) to 7 ppbv on the 4632 hPa (hectopasjperated halogens are dissociated by ultraviolet photolysis
cal) pressure levels and accompanied by a 2—-3 ppbv increasg, the return of sunlight in the polar spring and then proceed
by renitrification at the 68 hPa pressure level. The observeq,, gestroy stratospheric ozone in catalytic photochemical cy-
region of depleted HN®is sub;tanually smaller than the re- jeg (e.g.Solomon 1999. Sequestration of nitric acid into
gion bounded by the NAT existence temperature thresholdpscs from the gas phase alters the balance of partitioning of

Temperature-time histories of air parcels demonstrate thaj e nitrogen species that transfer reactive halogens back to
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their inert reservoir form. Another process that accentuateshe Cloud-Aerosol Lidar Infrared Pathfinder Satellite Obser-
ozone destruction through removal of this reconversion pathvations (CALIPSO) satellite and the Aura Microwave Limb
way is the gravitational sedimentation of large PSC partic-Sounder (MLS) provide a rich dataset for the study of PSCs
ulates containing nitric acid hydrates, which can physicallyand their effects on the vertical redistribution of nitric acid
remove nitrogen oxides and water vapor from a large extentind water vapor. In the following sections we show that the
of the polar lower stratosphere. near-simultaneous measurements (within 30 s and 10 km) by
Many different measurement techniques have been used i@ALIOP and MLS from the A-train can provide important
the quest for understanding the formation of PSCs. Ballooninformation on the characteristics of PSCs and the associated
and aircraft measurements using in-situ optical particle counatmospheric composition. Microwave gas-phase measure-
ters, backscatter sondes, chemiluminescence and mass sp@gents are insensitive to the presence of PSCs along the line-
trometry have played an important role in determining parti- of-sight, unlike solar occultation and infrared measurements,
cle size distributions and compositionoe and MacKen-  e.g., MIPAS Wang et al. 2007, which must attempt to sep-
zie, 2008. The ability of infrared remote sounding to dis- arate the effects of aerosol and cloud contamination on the
criminate sulfate aerosols from PSCs was first demonstratedgas-phase measurements. Observations of PSCs by CALIOP
by Kinne et al.(1989 using the JPL MKIV interferometer on have been reported iyoel et al.(2008 2009 andPitts et al.
board the DC-8 aircraft. Lidar measurements of backscatte2007, 2009 2011). Comparisons of PSC measurements by
and depolarization from ground-based, airborne and satelCALIOP and MIPAS of cloud top height and type classifica-
lite platforms provide information for PSC type classifica- tions have been presented Hgpfner et al(2009. Previous
tion (Toon et al, 199Q Adriani et al, 2004 Pitts et al, 2009. investigations using the combined CALIOP and MLS data
The PSC phase can be determined from depolarizafimtg  (Pitts et al, 2007, 2009 2011) have involved vortex-averaged
et al, 2001), and patrticle size can be inferred from color ra- analyses of PSCs and dynamics/chemistry. The analyses pre-
tios based on the wavelength dependent backscatter at two @ented here are based on measurements during the early 2008
more wavelengthsTpon et al, 2000. However, lidar mea-  Antarctic winter and involve: (i) comparison of the modeled
surements do not determine the stoichiometric compositiorand observed gas-phase uptake of HN®Iliquid and solid
of PSCs, and the classification schemes are based on opticphrticle PSCs, (ii) the onset of denitrification in the polar vor-
models. Multi-wavelength detection allows the estimation of tex, and (iii) observations of the development of solid parti-
surface area, volume, effective particle size and compositioncle PSCs in a polar freezing belfgbazadeh et al2001
Discrimination between solid and liquid PSCs is possible us-Hopfner et al.20063.
ing multi-wavelength extinction measuremeritarsen et al. In this paper, we first review in Se@.properties and ob-
2004 and references therein). servations of PSCs relevant to the interpretation and discus-
Solar occultation measurements from satellites have beesion of our studies. SectiaBdescribes the satellite instru-
used for over 30yr to investigate PSCs, evolving from ments, measurements and data analysis methods. Results
the single channel 1-um Stratospheric Aerosol Measureare presented in Seet, and finally conclusions are drawn
ment (SAM-II) instrument and continuing with a series of in Sect.5.
multi-channel instruments, the Stratospheric Aerosol and
Gas Experiment (SAGE |, II, Ill), the Improved Limb At-
mospheric Spectrometer (ILAS I, Il) and the Polar Ozone2 Key aspects of PSC formation and evolution
and Aerosol Measurement (POAM I, 1ll). These observa-
tions have been important in establishing a long-term PSQ.1 Composition
climatology Fromm et al. 2003, but their potential is lim-
ited by the inherently low sampling frequency of the solar Polar stratospheric cloud particles have been determined to
occultation technique. be composed of three main typeReter 1997 Lowe and
Space-based attempts to determine the composition oflacKenzie 2008, consisting of the three main species
PSCs from their spectral infrared signatures were made usH>SO4, HNO3 and HO, with trace contributions from HCI,
ing instruments on the Upper Atmosphere Research SateHOCI and HBr. Type la are solid non-spherical particles
lite (UARS) (Taylor et al, 1994 Massie et al.1997 Hervig, composed of nitric acid hydrates, most likely nitric acid tri-
1999, which also provided contemporaneous observationshydrate (NAT) Hanson and Mauersberger988 or pos-
of temperature and gas species. These early investigations sibly nitric acid dihydrate (NAD) \(Jorsnop et al. 1993.
PSC composition from UARS were subsequently improvedOnly NAT particles have been detected as a solid component
upon by the Cryogenic Spectrometers and Telescopes for thiay in situ composition measuremeniigt et al, 20003.
Atmosphere (CRISTA) and the Michelson Interferometer for Type la particle sizes are typically less than a few microns
Passive Atmospheric Sounding (MIPAS) instrume®ggng  in size, but under certain conditions they can grow to much
and Remedig2003 Hopfner et al.20061. larger sizeskahey et a].2001), the efficient sedimentation of
Complementary measurements obtained from the Cloudwhich leads consequently to permanent removal of reactive
Aerosol Lidar with Orthogonal Polarization (CALIOP) on nitrogen (denitrification) from the polar lower stratosphere.
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Type Ib PSCs are sub-micron size spherical liquid dropletsperature history on NAT PSC formation, such as temperature
and are composed of supercooled ternary solutions (STS) dbscillations and duration of exposure bel@war. In a study
H2SOy, HNOs and HO (Carlsaw et al.1994). Properties  of Antarctic POAM PSC observationS§teele et al(2002
of the two distinct Type | PSC classes were derived from li- concluded that other factors besides temperature history are
dar depolarization characteristid@rowell et al, 199Q Toon likely to be a critical aspect of NAT PSC formation. The
et al, 199Q Stefanutti et al. 1995 and from in situ mea- presence of aerosol impurities such as soot, meteoritic de-
surements of aerosol volume/temperature relationsBige (  bris, and effects of ionization by cosmic rays have been pro-
et al, 1992 1996. Type Il PSCs are water-ice particles that posed as agents which may act to promote freezingdlo
form only under the coldest conditions below the ice frostetal, 200Q Yu, 2004 Voigt et al, 2005. However, studies of
point, and so are less frequently created in the Arctic tharthe bulk freezing of STS containing meteoritic particles and
in the Antarctic. Ice particles can grow to very large sizesother nuclei Biermann et al. 1996, and of the nucleation
that sediment rapidly and lead to permanent removal of waterate of NAT on clay mineral particledHatch et al. 2008,
(dehydration) from the polar lower stratosphere. have indicated rates much too slow to be significant, even for

large supersaturations in the typical polar stratosphere.
2.2 Thermodynamics

2.4 Role of meteorology
Thermodynamic calculations are used to determine thresh-
old existence temperatures of the PSC types, which are de2.4.1 Synoptic-scale dynamics
pendent on the ambient partial pressures gdhh the case
of the ice frost pointTice (Murphy and Koop 2005, and  Every winter the establishment of a stable Antarctic polar
also HNQ; for Tyar (Hanson and Mauersbergdi988 and  vortex provides a setting for the development of very low
Tnap (Worsnop et al.1993. Under typical conditions in the  synoptic-scale temperatures below the threshold for PSC ex-
polar stratosphere, NAT is thermodynamically stable at tem-stence ITnar, for several months. In contrast, the Arctic fea-
peratures belowWnar ~ Tice + 7 K. In the case of the liquid tures stronger planetary wave activity that often disrupts the
STS there is no particular threshold temperature and the ST®eaker vortex, and a tendency for stratospheric warmings to
drops, forming on the ubiquitous background sulfate aerosoldevelop limits the occurrence and maintenance of tempera-
grow slowly by condensation. As the temperature of a sulfatetures low enough to initiate and sustain PSC formatikait-
aerosol droplet decreases, there is an uptake &0 and  elbaum et al(2001) analyzed the effects of tropospheric me-
H»0 from the gas phase. As the temperature decreases futeorological forcing on PSC and ozone minihole formation
ther the aerosol remains a supercooled liquid, and a furtheand concluded that synoptic-scale dynamics is the dominant
uptake of HN@ from the gas into the condensed phase oc-mechanism in the Arctic and, in an 18-yr record of solar oc-
curs a few kelvin below the NAT point close Tats~ TnaT — cultation measurementsromm et al(2003 found a strong
3.5K (Carslaw et a].1997 Drdla et al, 2003. Other gases, association of PSC formation with elevated mean tropopause
including halogen reservoir species, dissolve into the STSheight. CALIPSO and CloudSat observations have been used
drops. The rate of sedimentation of STS cannot lead to rapido determine that a large fraction of Antarctic PSCs are prob-
denitrification Lowe and MacKenzig2009 as the drops are  ably linked to underlying synoptic-scale deep tropospheric
limited in size to below 1 um. cloud systemsWang et al. 2008 Adhikari et al, 2010.

2.3 Nucleation processes 2.4.2 Mesoscale temperature fluctuations

The mechanisms of solid particle nucleation or conversionThe Arctic has been the choice of most of the research on
of STS into NAT or ice are uncleaL¢we and MacKen- mountain wave NAT formation (e.gGarslaw et a].1998 in

zie, 2009. Laboratory measurements have determined thapreference to the same process in the Antarctic, where the
homogeneous nucleation of ice from STS occurs at tempersynoptic temperatures are frequently lower than the ice frost
atures a few kelvin below the ice frost poirkKdop et al, point. In both polar regions, mesoscale temperature fluctua-
1998, but homogeneous nucleation of NAT from STS oc- tions induced by orographically forced gravity waves are an
curs at too low a rateKpop et al, 19978 to account for  important mechanism for the production of PSCaislaw
observations of PSC formation. Although ice particles canet al, 1998 McDonald et al. 2009 Alexander et a].2011).

act as sites for heterogeneous NAT nucleation, some otheFhese short time-scale temperature fluctuations subject parti-
nucleation process must be at work to account for observaeles to rapid cooling/heating rates that can force phase transi-
tions of NAT in air parcels known not to have experienced tions (Koop et al, 19973 and also cause particles to be driven
temperatures below the ice frost poifarflla et al, 2002 away from an equilibrium state as the liquid and solid phases
Larsen et al.2004 Pagan et al.2004 Voigt et al, 2009. react to changes in ambient conditioh®\e and MacKen-
Larsen et al(1997) presented evidence from Arctic balloon- zie, 2008. The time constant for gas-phase diffusion of
borne backscatter sonde observations for the effects of tenHNO3 can be~ hours, whereas #D reaches equilibrium
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in seconds Nleilinger et al, 1995 Lowe and MacKenzie  below the ice frost pointRahey et al.199Q Santee et a|.
2008. This can result in a hysteresis effect in the STS 200Q Tabazadeh et al200Q Drdla et al, 2003 Voigt et al,
HNO3; mass fraction. Observations have frequently shown2005.
significant non-equilibrium effects in PSC developmépe(
ter et al, 1994 Voigt et al, 2000h Lowe et al, 2006. Biele 2.6.1 Large particle sedimentation
et al. (200]) presented lidar observations of Type la and Ib
PSCs that showed optical properties with significant devi-Very large (5-10-pm radius) particles were detected above
ations from those expected for particles in thermodynamicthe ice frost point by instruments flown on the ER-2 in
equilibrium. PSCs classified as Type Ib liquid were often 1989 Dye et al, 1992. Subsequently, during the combined
found to display a significant perpendicular backscatter com-SAGE Il Ozone Loss and Validation Experiment (SOLVE)
ponent, indicating the presence of mixed phase clouds witfand the Third European Stratospheric Experiment on Ozone
a small fraction of solid particles amongst a majority of liquid (THESEO 2000) campaign, small concentrations of large ni-
particles. Type la solid PSCs were shown to have generallyric acid-containing particles (“NAT-rocks”) were observed
much lower backscatter than expected for particles in NAT(Fahey et al. 2001 Fueglistaler et al.20021, and these
equilibrium. measurements have been prime motivators for theoretical
and modeling investigationsWofsy et al.(1990 proposed
2.5 Observations of NAT PSCs in a polar freezing belt a mechanism for denitrification without significant dehydra-
tion by predicting that Type Il PSC particles would sedi-
Recent work has highlighted the role of mountain wave ment through Type | PSC regions below and be protected
events over the Antarctic Peninsula in triggering heteroge{from evaporation by accreting a NAT coating from the gas
neous nucleation of NAT on ice and explaining the forma- phase during their passage through NAT-supersaturated air.
tion of a circumpolar belt of NAT PSCs observed by satel- Laboratory experiments b&guzzi and Rossj2001) support
lite measurements. Localized cooling events by mountairthis accretion mechanism, whereBgrmann et al(1998
waves have been shown to lead to production of NAT parti-reported that it is not efficient, and proposed an alterna-
cles Hopfner et al. 2006a Eckermann et gl2009, which tive mechanism whereby NAT forms from the liquid phase
can persist and grow downstream after nucleation through asurrounding the ice core.
ice-seeding mechanisrRifeglistaler et al2002a Dhaniyala Carslaw et al(2002 modeled the growth, evaporation,
et al, 2009. Hopfner et al.(20063 used the MIPAS mea- sedimentation, and advection of NAT (and NAD) particles
surements in the Antarctic from May—June 2003 to inves-in the January—March 2000 Arctic vortex, but limitations
tigate the initial stages of NAT PSC formation. They ob- caused by the lack of contemporaneous information on the
served a sudden onset of NAT PSCs over a few days from 10HNOj3 field above the aircraft prevented the possibility to dis-
12 June 2003 in a region downstream of the Antarctic Penintinguish between NAT and NAD compositions for the parti-
sula within a polar freezing belf@bazadeh et al2001), but cles. However, in a similar studylcKinney et al. (2004
they noticed the absence of PSCs within the belt in the reused Airborne Submillimeter Radiometer (ASUR) inner and
gion upstream of the Peninsula despite similarly low synopticouter vortex averaged HNQOgas phase profiles to estimate
temperatures. Through microphysical modeling and moun-denitrified and unperturbed HNGprofiles and showed that
tain wave hindcastdopfner et al.(2006g determined that modeled development of NAD particles resulted in maxi-
the likely cause was the heterogeneous nucleation of NAT ormum sizes smaller than those actually observed, whereas
ice particles that had formed over the Palmer Peninsula an®AT particles produced a better size comparisdon Konig
noted that previous observations of PSCs were also assocét al. (2002 combined ASUR gas-phase HNOneasure-
ated with formation near this location and subsequent fur-ments with lidar to determine a likely NAT composition for
ther development downstreai@driolle et al, 1989 Ricaud  particles in the Arctic; however, this investigation was lim-
et al, 1995. Subsequently, Atmospheric Infrared Sounder ited by the low vertical resolution of the ASUR instrument
(AIRS) data were used bckermann et al2009 to show  (6—10km).
that the MIPAS PSC episode followed the occurrence of
+10 K amplitude temperature perturbations, which provided2.6.2 NAT condensation/renitrification cycle
the mesoscale source of rapid cooling needed to explain the

ice formation. In the absence of Type Il PSCs, only solid particle NAT
(NAD) PSCs with low number densities, possibly arising
2.6 Denitrification in the polar stratosphere from preferential nucleation, and their subsequent more rapid

growth can lead to extensive denitrification and permanent
Denitrification has been observed without accompanying sig+temoval of HNQ from the stratospherdé¢nsen et 312002.
nificant dehydration in both polar regions, and it is thereforeEfficient irreversible denitrification requires the formation
well established that irreversible removal of Hhloom the  and growth of particles containing HNOf sufficient size to
stratosphere does not require large scale processes operatigravitationally sediment in a matter of days rather than over
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many weeks. The particles responsible must be solid sinc&arth’s limb and retrieves vertical profiles of atmospheric
liquid particles cannot grow by condensation to sufficienttemperature and composition in the vertical range 8-90 km
size to undergo rapid sedimentatiobove and MacKen-  (Livesey et al.2006.
zie, 2008. Jensen et al(2002 simulated the effects of Aura is a key satellite in the NASA/ESA afternoon “A-
PSC composition, number density and lifetime on denitri- train” satellite constellation and flies in formation with the
fication. Their findings indicate that NAT number densities Aqua, CloudSat, CALIPSO and PARASOL (Polarization
in the range 3 1072 to 10~2cm~2 provide the most effi-  and Anisotropy of Reflectances for Atmospheric Sciences
cient route to denitrification, with 50 % depletion of the gas- coupled with Observations from a Lidar) satellites, among
phase HNQ@ occurring at around 20 km for a cloud lifetime others. CloudSat and CALIPSO were carried into orbit in
of about one week. Nucleated NAT particles evolved into April 2006 on the same launch vehicle and are operated
a distribution with an effective radius larger than 5um overto maintain very close positioning with respect to Aqua to
afour day period as they gravitationally sedimented. Follow-permit synergistic cloud measurements with Aqua MODIS
ing a cooling/warming cycle, the residual gas-phase HNO (Moderate Resolution Imaging Spectroradiometer). In the
profile exibits a local maximum corresponding to the cloud initial configuration, Aura lagged the lead satellite Aqua
base location (16—17 km), where sublimation of the trans-by about 15 min, and the CloudSat/CALIPSO ground-track
ported NAT particles occurs. The formation of the largestand the MLS limb-track were separated spatially by about
NAT particles (5-10 um radius) requires that nucleation oc-200 km and temporally by 7-8 min. From November 2007
curs only at low particle densities with an upper limit of to April 2008, Aura was gradually re-positioned further for-
about 102cm3. Such large particle sizes are consistentward in the A-train and MLS, CloudSat and CALIPSO have
with the large NAT particle mode observed during SOLVE since maintained much closer tracking, with spatial and tem-
(Fahey et al.2001), with the low number of initial NAT nu-  poral differences generally better than 10km and 30s, re-
clei being the key to the “NAT-rock” production. When the spectively. The 98inclination of the A-train satellite or-
NAT nuclei number densities in the Jensen et al. simulationbit results in a closest approach d¢f & the poles, and the
are increased, this effectively spreads the available fINO 705 km altitude and 98 min orbital period result in a global
over more NAT particles, which consequently cannot grow coverage consisting of 14.5 orbits per day and a 233 orbit
to sizes promoting rapid sedimentation. The resulting NAT (16 day) repeat cycle.
condensation/renitrification cycle takes place over a limited
vertical height range without producing permanent denitrifi- 3.2  Aura Microwave Limb Sounder
cation. Longer simulated lifetimes of PSCs produced more
severe denitrification, as also determined by other studieghe Aura Microwave Limb Sounder is an advanced succes-
(Toon et al, 1990 Tabazadeh et al2000, enabling a corre-  sor to the MLS instrument on UARS and measures thermal
sponding increase in downward transport of H\NEhd ren-  emission at millimeter and sub-millimeter wavelengths using
itrification below a cloud base located at lower altitudes. Inseven radiometers to cover five broad spectral regions. The
the presence of rapidly sedimenting solid nitric acid hydrateradiometric and spectral performance of the MLS instrument
particles the gas-phase HN@oes not necessarily reach an is described in detail byarnot et al(2006 for the GHz ra-
equilibrium state llowe and MacKenzig2008. Vertical re-  diometers. The MLS line-of-sight is in the forward direc-
distribution of HNG; by evaporation of sedimenting PSCs tion of the Aura spacecraft flight track. The Earth’s limb
has been observed in the Arctidi{bler et al, 1990 Arnold is scanned from the surface to 90km every 24.7s, giving
et al, 1998 Irie et al, 2001, Kondo et al, 200Q Koike et al, 240 scans per orbit spaced at°1(865 km) intervals, with
2002 Dibb et al, 2006 Jin et al, 2006 and the Antarctic  atotal of~ 3500 vertical profiles per day and a nearly global
(Hofmann and Deshlei997). latitude coverage from 85-82 N. The MLS limb radiance
measurements are inverted using a 2-D optimal estimation re-
trieval (Livesey et al. 2006 to yield atmospheric profiles of

3 Instruments, datasets and analysis temperature, geopotential height, ozone, humidity and other
trace gases. The Aura MLS version 2.2 (v2.2) products have
3.1 A-train satellite constellation been validated comprehensivelyiesey et al. 2008, and

the entire MLS dataset has since been reprocessed using up-
NASAs Earth Observing System (EOS) Aura satellite, dated version 3.3 (v3.3) algorithmkigesey et al. 2011).
launched on 15 July 2004, is operated in & 98clina- The MLS v3.3 data have significant improvements for a num-
tion sun-synchronous orbit at an altitude of 705km with ber of species, including theJd®, HNO3, O3, and CIO data
a 13:35 ascending-node time. The Microwave Limb Soundeproducts. Correlative measurement comparisons show a fine-
(MLS) (Waters et al.2009 is one of four instruments on scale oscillation in the v2.2 3D retrievals, and this retrieval
board the Aura platform, whose main mission objectives areartefact has been eliminated in the v3.3 retrievals, along with
studying ozone, air quality and climat&dhoeberl et al.  improvements in negative biases seen in the v2.2 retrievals of
2009. MLS detects thermal microwave emission from the HNO3 and CIO. Typical single-profile precisions and spatial
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Table 1. Resolution and precision of selected MLS v3.3 data products.

Species Vert. Res. (km) Horiz. Res. (km)  Precision Validation Ref.

Temperature 3.5-5.2 165 0.6-0.8 KSchwartz et al(2008

H>O 3.1-35 180-290 4-15% Read et al(2007), Lambert et al(2007)

HNO3 3.5-55 400-550 0.7 ppbv Santee et a(2007)
resolutions for relevant species are given in Tabfer the The attenuated backscatter can be decomposed into the
pressure range 100 to 10 hPa (hectopascal). sum of the volume particulate backscattgg, and molec-

ular backscatter8ny, coefficients multiplied by the product

3.3 CALIPSO/CALIOP of the two-way atmospheric path transmittances.

The CALIPSO satellite carries the CALIOP dual-wavelength g7,y — (8.(2) + Bm(2)) T2 o (2) T2 DT2..(2) (1)
elastic-backscatter instrumentWinker et al, 2009. P " mext(2) 16, abs2) T ex
CALIOP measures vertical proflles of aerosol a_nd CIOU_dwhere the subscripts
backscatter at 532 nm (polarized) and 1064 nm with Spat'ahwolecular scattering

resolutions Iff 0'03(;“? vert_|ca1;f0.33 km allqnlg-track apd aNtransmittance due to each of molecular extinction, ozone ab-
across-track ground footprint of70m. Multiple scattering  gqvion and particulate extinctiomostetler et al. 2008).

effects complicate the analysis of optically thick clouds, bUtThe attenuated backscatter is corrected for molecular extinc-

this is not an issue with thin PSCs. The laser is linearly o and ozone absorption by using GEOS-5 temperatures
polarized and the total backscatter and perpendicular COM3 4 MLS @ data for the calculation of molecular scatter-

ponent are detected at the 532nm wavelength. On-boar g and atmospheric path transmittances. Full details of

data _p_roce§sing Is used to average single-shot SamP'eS OVfi{e CALIOP molecular scattering calculations are given by
specific height ranges. Since March 2009, operation ha&ﬁostetler et al(200

switched to the second of the two CALIOP lasers after the _. .
Single wavelength elastic-backscatter measurements lead

primary laser showed signs of output level deterioration. . . :
The 532 nm CALIOP calibration is performed over 11 to an under-determined set of equations, with two unknown
foration 1S p v guantities (backscatter and extinction) at each altitude and

contiguous 5-km samples in the region 30-34 km, Whereonly one measurement (attenuated backscatter). Various

Rayleigh molecular scattering is assumed. Calibration UNcer- thods are used to relate particulate backscatter to vol-

tainties arising from the variable stratospheric sulfate back- L : . . .
: . . . i .~ ume extinction properties (so-called Lidar ratio): (a) scalin
ground in this height region are confined to the troplcsu xtinction properties ( ! 0): (a) N9

(Thomason et al.2008 Vernier et al, 2009. The cali- parameterizations, (b) independent measurements of optical

brated data products derived from the three CALIOP chan—demh and (c) optical models of the wavelength dependence

of the particle properties (refractive index, shape, size dis-
nels Hostetler et al.2006 Hunt et al, 2009 are attenuated P brop ( f Pe,

. : tribution) coupled with Mie scattering (spherical) calcula-
kﬂ’lS 1
lei;rr?te backscatter coefficients (kihsr™) as a function of tions or non-spherical models (e.§smatrix methods). Here
IZ'

we employ a correction to the attenuated backscatter for the
331 Lidar dat si molecular scattering and ozone absorption only, in effect as-
" \dar data analysis suming thatf, = 1.0. Noel et al.(2009 noted that PSCs are

) _ frequently subvisual (optical depth0.03) and that optical
We have processed the high resolution CALIOP v3.01 Leveldepths rarely exceed 0.3. For optical depths below 0.1, the

le proile (::]atq prodluct byl a\_/eragir:jg onto a glrid Wilth a unif— resulting error in the backscatter is less than 20%. This ap-
orm 5 km horizontal resolution and a vertical resolution o proach is consistent with the use of the CALIOP data on low

90m, 180m, 540m and 900 m for height ranges-@f.5— opacity PSCs by other investigatofddel et al, 2008 Pitts
8.2km, 8.2-20.2km, 20.2-30.1 km and0.1km, respec- et al, 2007 2009.

tively. This is the same grid on whictWu et al. (201])
carried out an investigation of the CALIOP day and night
backscatter noise to characterize the spatial and tempor
variations of the noise bias and standard deviation. Sepa- o

ration of PSC from the aerosol background in the presencé'btal attenuated bagkscatter is given by the sum of the paral-
of noise is a non-trivial process, and the analysis presentetfl Ai» and perpendiculagi,, components

here has been restricted to nighttime CALIOP observations

because the daytime measurements are inherently noisier. fr =g+ 81 2)

p” and “m” refer to particulate and
respectively.? is the two-way path

37%.3.2 Summary of derived quantities from the lidar
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The backscatter ratio (backscatter relative to Rayleigh scateonsiderations of the CALIOP measurements of the aerosol
tering) is given by background at temperatures above expected PSC formation
conditions &205K). We have found that fixed minimum

Rr()= Fo@) + Pm() (3)  thresholds for the total backscatter ratio and perpendicular
Pm(2) backscatter are acceptable for the height range used in this
Particulate depolarizatiordy, is obtained from the ratio of investigation. Additionally, we have imposed tests for spa-
the perpendicular to parallel lidar signals tial correlation, which require detections above the thresh-
RL_1 olds for five out of nine locations defined by a 3 by 3 grid box
Sp= < — > = BL—Pm. (4) centered on the PSC location. A positive detection requires
RI-1 B — Bm,| either: (i) a spatially correlated total backscatter raig ¢
where ém is the molecular depolarization and is given by 1.25) or (i) a spatially correlated_perpe_ndicular backscatter
Hostetler et al(2008 as (BL>25x108kmtsr ) combined with a lower thresh-
old for the total backscatter rati®¢ > 1.15). The false pos-
Sm= Bmi _ 0.00366 (5)  ltive detection rate is determined to be less than 0.1 %, based
m,| on analysis of data selected fbr Ticg > 10 K, during early

In practice the interpretation of the depolarization ratio is M@y 2008 when no PSCs are expected to be present.

qfte_n complicated by the presence of exfternal mlxture_s of3_4 Combined CALIOP/MLS satellite data analysis
liquid droplets (perfect spheres) and solid (non-spherical)

particles along the optical patbgneva et a).2003. Data from each orbit transect of the Antarctic polar regions
A measure of the bulk particle size can be obtained fromyere assembled into height vs. along-track cross-sections of
the color ratio (ratio of the backscatter in the 1064-nm andgg|ocated MLS species and CALIOP data with horizontal
532-nm channels), with larger values indicating larger parti-ang vertical grid spacings of 50 and 0.5km, respectively,
f:le sizes, b_u_t its use is I|m_|ted to scattering cpqd|t|ons lead-45 shown in Figl. Geometric heights for MLS are deter-
ing to significant return signals from the noisier 1064nM yinaq from the retrieved geopotential heights. These ver-
channel. We use only the CALIOP 532-nm data in the jcq cross-sections have proven to be a very useful means
current analysis. of examining an extremely large data set and identifying po-
. tential anomalous events and cases for further investigation.
33.3 CALIOP PSC detection Derived information such as the backscatter vs. depo?ariza-

We apply a spike filter to the CALIOP lidar data to remove tion distribution is also produced. The equilibrium compo-

the space environment radiation-induced noise events thatition of STS i.s calculated from the parameterization of the
are typically seen at isolated locatiorRitts et al, 2009,  thermodynamic model bfarlsaw et al(1999 and vapor

The method consists of running a 5-point horizontal fil- Pressures calculated from the expressions giverisayson

ter through the along-track backscatter data and checkingnd Mauersbergef198§ for NAT and Murphy and Koop

the central point values at the along-track location index,(2009 for ice. The majority of the MLS species, including

i, (RT,, B..) against the mean values for the four outer NOs, are retrieved at a lower vertical resolution (6 levels

location indices, Rt = (Rr,_,+Rr._,+Rr.,+Rr /4  PE decade in pressure) than are temperatus® &hd Q

Bl =B .+BL ’ 8. . n ﬂlh)/4) HFor thlé total  (each at 12 levels per decade). The MLS data are interpo-
i T i—2 i—1 i+1 i+2 : . - - . -

backscatter signal, a spikg is dete+cted at locatipand the lated to the analysis grid with an effective over-sampling of

data replaced with a missing value flag for the condition @ factor of three in the horizontal and a factor of three (five)

Rr, >9 andR’T,. < 3. Similarly, for the perpendicular sig- for the higher (lower) vertical-resolution species.

nal, a spike is detected and the data replaced with a missin

value flag for the conditior8;, > 1 x 10~*km~1sr~! and

2 51em—1 o1 e it
Br; <1x107km="sr = Thefilteris used only inrejecting  thg \|pAS instrumentRischer et al.2008 was launched

noise spikes and the resulting cleaned data are mapped onjq \arch 2002 on the ESA Environment Satellite (EnviSat).
the regular analysis grid (S0km by 0.5km) using aKalmany;pas is an infrared Fourier transform spectrometer for

smoothing techniqueiodgers2000. The non-uniform ver-  yhe getection of limb emission spectra which, through az-

tical resolution is taken into account by weighting according jyuth scanning, provides global coverage from 8850

to the measurement integration time. 89.3 N. The instrument field-of-view is 30 km across-track
There is considerable noise in the backscatter measuresq 3km in the vertical. The horizontal along-track sam-

ments and variation due to background aerosols. The totall)"ng is ~500 km. We have used the MIPAS v4.67 Level 1B

and perpendicular backscatter thresholds, which determine, yiznce data and applied a correction to the engineering tan-

the PSC detection limits, have been adapted for the differeng ot aititude registration for a reported offset of 1.5 km at the
noise characteristics of the data gridding used in this investiggth Pole.

gation. Detection thresholds were determined from statistical

95 miPAs
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ume density detection limit of 0.2—-0.4gmm 3. A sec-

ond radiance ratio (referred to here as the NAT spectral pa-
rameter, RR), is used to detect NAT-containing clouds from
a distinctive spectral feature near 820cimand is defined as
the ratio of the mean spectral intensities in the wavenumber
ranges 819.0-821.0 cthand 788.2-796.25 cnt. The NAT

820 cnt! spectral feature flattens as the mean particle radius
increases beyond 2-3 piddpfner et al. 20061, resulting in

an inability to discriminate larger NAT particles from STS.

14.5 orbits
a
@ per day

¢ 4 3.6 AquaAIRS
100 min The AIRS instrumentAumann et al. 2003, launched in
per orbit May 2002 on the Aqua satellite, is a multispectral infrared
imager with a horizontal resolution of 13.5km at the nadir.
() o AIRS measurement scene granules are assembled from the
30 iE B, data in a~1650km wide swath accumulated over a time
: B ik ane period of 6 min and consist of 135 contiguous across-track
(F TH 51 boa scan sweeps each containing 90 ground footprints witha 1.1
e : field-of-view. The horizontal resolution is 13.5km at nadir
E e FLLL i increasing to 41km by 21.4km at the scan extremes. We
}: 20[ i ] have analyzed the AIRS v5.0 Level 1b radiances using
N T the methods oEckermann et al(2009 to detect gravity
= + F -+ I%O'L‘;fa waves. After converting selected radiance channels to form
15 E i 121 1pa a brightness temperature product and horizontal filtering and
a8 PR o smoothing to reduce noise, small-scale residuals down to
c e NEEREEE 11177 hPa
R EEEEEE P PR e T T o 15 e a wavelength 0f~300 km may be detecte¢kermann et a|.
10 AT HILEE BEg8sioas, 2009. The vertical weighting functions of the AIRS in-
-4000 -2000 0 2000 4000

strument are quite broad in height10 km) and unable to
resolve short vertical wavelength featuré$offmann and

Fig. 1. (a)Example of a complete day of orbit tracks over Antarc- AIexanderZOOQ. However, comparisons W.Ith .MLS temper-
tica, with different colors identifying each orbit. The along-track atures for graV|t_y_V\_/ave events (not shown) indicate that AIRS
colocation origin is defined as the closest approach of the orbit track1@s SOme sensitivity to vertical wavelengths as short as 7 km.
to the South Pole. The satellites cover a distance of 1800 km inVe have analyzed the AIRS radiance brightness temperature
4 min, and during this time MLS makes 11 limb scans and CALIOP perturbations for selected channels with peak responses near
fires 4800 laser shotgb) Height vs. along-track data analysis grid 80 and 40 hPa as determinedbgkermann et a2009).
(red dots) with corresponding pressure levels indicated on the right We calculate the standard deviation about the background
vertical axis. The horizontal and vertical spacings are S0km andmean brightness temperature and accumulate the statistics of
0.5km, respectively. The majority of the MLS species, includ- yo hertyrhation amplitudes from each scene for each com-
ing HNQ3, are retrieved at a lower vertical resolution (6 levels per plete day of observations. We define a perturbation greater
decade in pressure, green lines) than are temperatg@aHd Q than 4.5 standard deviations above (or below) the back-
(12 levels per decade, blue and green lines). ’ o . .
ground mean to be a significant detection and therefore disre-
gard the wave phase in order to combine data obtained at dif-
ferent AIRS measurement times throughout the whole day,
We have used retrievals of cloud top heigHt(ley et al, which allows us to gauge the evolution of the gravity wave
2011 and the color-ratio PSC type discrimination devel- activity in terms of the locations, intensities and number of
oped bySpang et al(2004 and Hopfner et al.(20068 to detections for each day.
supplement the measurements from CALIOP. MIPAS PSC
detection relies on a composition independent cloud-index3.7 Collocated meteorological data
parameter (ClI), which is inversely related to cloud optical
thickness, and defined as the ratio of the mean spectral inWe use the Goddard Earth Observing System Data Assimila-
tensities in the wavenumber ranges 788.2-796.25'camd  tion System (GEOS-5 DAS) 6-hourly gridded data products
832.3-834.4cm!. The threshold used for PSC detection is (Rienecker et a].2008 of temperatures and winds supplied
Cl < 4.5 (Spang and Remedip2003, and calculations by on a 540 by 361 longitude-latitude grid. The 6-hourly tem-
Hopfner et al.(2006h indicate this corresponds to a vol- perature data are also interpolated in location and time to the

Along Track Distance (km)
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analysis grid shown in Figl. Lagrangian tracking of air Co-existing STS patrticles are adjusted such that their num-
parcels is a well established technique for selecting relevanber density is reduced to preserve the total number density,
spatially correlated time-ordered measurement samples frome., Nsts= Ntot — Nnar and the residual gas-phase HNO
satellite data sets (e.ddanilin et al, 2002. The technique s adjusted for the amount condensed in the NAT particles.
allows separation of chemical changes from dynamical pro- Optical properties were calculated using Mie theory for
cesses by linking together a series of measurements of thiquid spherical particles and tHe-matrix method for solid
same air parcel at different locations and times. In this analNAT (Mishchenko and Travjsl998. There is no simple
ysis we use isentropic Lagrangian trajectories to determinalepolarization dependency on the particle shdpa énd

the synoptic temperature-time history of air parcels and toMishchenko 2001 Reichardt et a).2002), and a variety
establish their provenance. We interpolate the GEOS-5 dataf shapes are consistent with lidar observatidRsi¢hardt
products onto a potential temperature grid with a spacing ofet al, 2004). Particle shapes for NAT are likely to be physi-
25K to facilitate the trajectory analyses. A standard fourth-cally more complex figures than spheroids or cylinders; how-
order Runge-Kutta integration with a time step of 15 min is ever, these are commonly used for the interpretation of lidar
used to update the trajectory coordinates. measurements:

— Liu and Mishchenko(200]) indicated that lidar mea-
surements of Type la PSC particles could be explained

We have carried out microphysical and optical calculations ~ €ither by spheroids (prolate with< 0.8 or oblate with

3.8 Theoretical modeling of liquid-solid PSC mixtures

for STS and NAT particle distributions for equilibrium con- e >1.2) or by cylinders (oblate with diameter-to-length
ditions and representative non-equilibrium STS-NAT mix- ratios larger than 1.6 or prolate with length-to-diameter
tures following the methodology used Bjtts et al.(2009 ratios larger than 1.4).

in deriving the CALIOP PSC classification algorithm. This

is based on in situ observations of particle size and num-  , _g g9 approximate cylindrical shapes of trihydrate

ber density Dye et al, 1992 Fahey et al.200%; Northway crystals (length-to-diameter ratios of about 1.22) grown
et al, 2002 and used a fixed total particle number density, from liquid (Taesler et a).1975.

NtoT = 10cnT 3. Pitts et al.(2009 displayed the results of

— Toon et al.(1990 used a prolate spheroidal shape with

their calculations in a form suitable for PSC classification, — Brooks et al(2004 found that for comparisons of lidar
i.e., depolarization vs. normalized backscatter ratio. In this and in situ measurements in the presence of large NAT
investigation we are also interested in the temperature vari-  particles ¢ > 5pum), the best fit was obtained for a re-
ation of the total backscatter, depolarization and gas-phase fractive index 1.3-1.6 and an oblate aspect ratio in the
uptake of HNQ for the various STS-NAT mixtures. rangee = 1.5-20.

The calculations used a representative atmospheric pres-
sure of 46 hPa, with a low background,$0, value of B
0.1 ppbv (parts per billion by volume)¢ias et al. 1999,

12 ppbv for HNQ and 5 ppmv (parts per million by volume)

for H2O. Although apparently limited to a particular atmo-
spheric pressure, the results are applicable to a wider range
of total pressures, as noted Byele et al.(2001) andDrdla

et al.(2003, through a transformation of the temperature co-
ordinate toT — Ticg, which removes variations due to8
partial pressure, df — Tyat, which additionally removes the
smaller variations due to HN{partial pressure.

PSC particle distributions were parameterized according
to the same scenarios given Bytts et al.(2009. For the
STS only scenario: the particle size distribution assumed is We have used the CALIOP PSC classification regions de-
lognormal with standard deviatios,= 1.6, and number den- termined byPitts et al.(2009 which are based on oblate
sity, Nsts= 10 cnm 3, and the mode radius derived from the spheroids with an aspect ratio=1.2. However, we have
equilibrium condensed STS volume obtained from @zel- also used prolate spheroidal NAT with= 0.8 to illustrate
saw et al(1995 model for temperatures between 196 K and the sensitivity of the perpendicular backscatter coefficient
3K below the frost point. For STS-NAT mixtures: an in- (see Sect4.2.]). We explored the uncertainties in parti-
verse power law NAT particle distribution is assumed with cle shape within the limits of computation for tliematrix
fixed effective variance of 0.1L{u and Mishchenkp2007), spheroidal model by performing calculations (not shown) for
effective radii varying from 0.5 to 7 um and NAT number monodisperse 6-um radius NAT particles with aspect ratios
densities varying from 10 to 1cn3. The NAT volume  from 0.7 to 1.5 in 0.025 increments. We found a plateau
is constrained to not exceed the equilibrium NAT volume. in the depolarization ratio (around #5 %) in the prolate

Wagner et al (2005 concluded from comparisons of
T-matrix calculations with infrared spectral measure-
ments of laboratory-generated homogeneously nucle-
ated NAD crystals with median radii gf1 um that their
shapes were predominantly oblate. Since the nucleation
experiments mimicked a potential pathway for the for-
mation of nitric acid hydrates in the atmosphere, they
inferred that PSCs could be composed of highly aspher-
ical and possibly platelike (i.e., oblate with> 5) par-
ticles. These large aspect ratios are outside the range
investigated for the atmosphere by and Mishchenko
(2007 or by Brooks et al(20049).
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riod 11-30 June 2008, at 20—22km and divided into four
composition classes MIX1, MIX2, ICE and LIQ. Here, LIQ
corresponds to the STS class Bitts et al. (2009, con-
sisting mainly of liquid particles that lie along the axis of
near-zero depolarization. STS-NAT mixtures are separated
by the MIX1/MIX2 boundary, which marks a transition be-
tween lower and higher NAT number/volume densities, with
the MIX1 (MIX2) class populating the lower (higher) di-
vision. We have imposed an additional constraifit &
25x10%km~1sr 1) on the MIX1 class to accept only
PSCs which have significant perpendicular backscatter. This
attempts to compensate for the increased noise on the depo-
larization ratio at low backscatter by placing STS-NAT mix-
tures dominated by liquid particles into the LIQ class and
reserving the MIX1 class for PSCs with a significant non-
spherical solid component. The ICE class marks the STS-ice
mixtures detected with the highest backscatter ratios.
- Pitts et al.(2009 demonstrated that all PSC types are rep-
resented at this time of year and observed a mid-June cor-
10 relation between the increase in the frequency of CALIOP
Number detection of NAT PSC mixtures and a strong decrease ob-
served in the MLS gas-phase HNOMIX1 was found to

Fig. 2. Distribution of aerosol depolarization vs. normalized . .
backscatter for the period 11-30 June 2008, showing the PSCs ider?eﬂm(:nzi ﬁ)]reva!er][that IOW(ﬁr aItItUdbeS th]:’:lg I\t/IIXt'Z, andftr/:lsxli
tified by CALIOP at an altitude of 20-22 km (near the MLS 32 hPa refiected here In the smaller number of detections o

retrieval level). The color bar indicates the number of observationscOmpared to MIX2 at 2022 km. The percentage occurrence

per bin, with red hues being high and purple hues low. Solid linesfor each PSC type detected is LIQ 24 %, MIX1 28 %, MIX2
mark the boundaries of the CALIOP PSC classification scheme. 40 %, and ICE 8 %.

0.0 02 0.4 0.6 0.8 1.0

1-1/R,
1

4.1.2 Temperature distribution of PSC types
rangee = 0.70-Q85 and a higher plateau (around25 %)
in the oblate range = 1.2-15. The more nearly spherical The temperature distribution of the detected PSC types dur-
particles ¢ = 0.90-110) show substantially larger depolar- ing 11-30 June 2008 at 20—22 km is shown in Bigs a frac-
izations (over 60 %). A similar effect for spheroidal aspect tion of the number of observations in each temperature bin.
ratios near unity and increasing particle radius was notedrhe fraction of detections of the MIX1 and MIX2 types starts
by Liu and Mishchenko (2001), who also commented thatto increase afjce + 8 K and reach broad maxima of 0.15 for
backscatter characteristics are more aspect-ratio dependepfix1 and 0.20 for MIX2 neatTice +3 K. For the LIQ class,
for spheroids than for cylinders. Real refractive indices atthe fraction starts to increase®&g +4 K and reaches a well
532 nm were assumed to be 1.43 for STS, and 1.50 for NATdefined peak of 0.35 at the ice frost point. There is a rapid
with zero imaginary refractive indices for both particle types. increase in detections of MIX2 and ICE types within 1K of
the frost point. The fraction of all PSCs detected increases
rapidly belowTice +1.5K and reaches 0.6 at the ice frost
point and over 0.9 foffice — 1 K. Occasionally ice is mis-
identified by the classification scheme because of the conser-
vative placement of the MIX2/ICE boundary, as also noted

The CALIOP PSC type classification algorithm developed by Py Hopfner et al.(2009. For example, this can occur in
Pitts et al (2009 categorizes the total and perpendicular lidar '€gions of MIX2 PSCs (not shown), but may only become
backscatter signals into one of four statistical composition@PParentin situations where locations are over the ocean and
classes based on a depolarization and inverse backscatter f&mote from any topographic features and the temperatures
lation. PSC classification takes place after the PSC detectioAe several kelvin above the frost point.

stage discussed in Se8t3.3

4 Results

4.1 CALIOP PSC classification

4.2 Constraints provided by simultaneous observations
4.1.1 Backscatter and depolarization properties of backscatter, depolarization and gas-phase HN®

Figure 2 shows an example of the depolarization vs. nor- NAT particles can significantly deplete the gas-phase HNO
malized backscatter distribution compiled over a 20-day pe-abundance even for quite low particle number densities (less

Atmos. Chem. Phys., 12, 2892931, 2012 www.atmos-chem-phys.net/12/2899/2012/
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4.2.1 Theoretical limits of detection for PSCs and HN@
depletion

Two contrasting scenarios are highlighted in Hg.both
causing significant HN® depletion, and relevant for the
detection of NAT under conditions of small particles/large
number densities (associated with fast cooling of mountain
waves) and large particles/low number densities (associated
with slow synoptic cooling) lu et al, 2002. As shown in
Fig. 4a, c, e, at temperatures of 4-5K above the frost-point,
a NAT particle distribution with a small effective radius of
1 um and a high number density of 0.5chsequesters about
60 % of the ambient HN® (triangle symbol). The total
backscatter ratio okt = 4.2 and perpendicular backscatter
of B =6x10°km~1sr ! are correspondingly high and
well above the detection limits of CALIOP. However, for
large NAT particles the expected total backscatter ratio and
the perpendicular backscatter can both lie close to or be-
T - Tice (K) low the thresholds of detection if the NAT number density
is sufficiently low, although the resulting HNGdepletion
Fig. 3. Fraction of positive PSC detections compared to all CALIOP may be quite easily detectable. As shown in Hg,d.f, at
observations as a function of temperature relative to the ice frostemperatures of 4-5K above the frost-point, a NAT particle
point for the PSC types classified in Fig, MIX1 (green line),  distribution with an effective radius of 6 um and a number
MIX2 (yellow line) LIQ (cyan line) and ICE (blue line). The sum density of 102 cm~23 sequesters about 25 % of the ambient
of the detections of all four PSC types (red line) is also indicated. HNO; (square symbol). The corresponding total backscat-
ter ratio is quite low Rt = 1.3), but just above the CALIOP

3 a3 . . . - detection threshold. The perpendicular backscater=£
than 10 cm™) if their effective radii are sufficiently large 5. 10-6 -1 sr1) is quite sensitive to the actual particle

(greater than about 4 um). However, the corresponding ef'shape Liu and Mishchenkp2003) and could lie above or be-

fects on the optical properties of the backscatter from the,, the CALIOP detection threshold. as shown in Fid by
solid particles can be rather harder to detect. Here we showycjations for the two different assumed aspect ratios of 0.8

that the presence of NAT particles with low number densi- 549 > This could result in PSCs with large-size NAT parti-
ties may fall below the detection threshold of CALIOP even ..o being classified as non-depolarizing and to be placed in

for the largest particle sizes. At temperatures where STShe LIQ class rather than the MIX1 class.

forms, the situation becomes even more difficult for identify- ", ¢ ¢ the NAT number density, the CALIOP de-
ing the SO".d hydrate component since the “qUid. particles be'tection threshold for a 6-um NAT size d’istribution is about
gin to dominate the parallel backscatter return sigbaleva 4x 10~ cm-3, with a corresponding NAT volume density

etal, 2003. These issues have been discusseBible et al. f about 0.3 uricm=2. which lies in the 0.2—0.4 uFcm-3
(200]),whoshowedthattheperpendicularbackscatterisbetp abouit .o pmetm =, Which 1es i he 4.2=1.& Hem

ter for th f detecti | trati frange of the MIPAS detection limit. The NAT patrticles se-
erfor the purposes ol detecting very low concentralions o guester about 15 % of the ambient H)l®or an atmosphere
the solid particle component in mixed phase PSCs than th

| depolarizati Fique sh th lculated t %ontaining 14 ppbv total HN@) this results in a decrease in
aerosol depoiarization.  FIQUEE Shows Ine cajculated 1o- -y, gas phase of about 2 ppbv, which is readily detectable by
tal backscatter, perpendicular backscatter and the fractlone,v”_S Therefore. under such conditions MLS should be able
gas-phase HN@as a function of temperature for STS-NAT i :

. . . . to detect depletion of HN@in PSCs which are at or even
mixtures with NAT effective radii of 1 um and 6 um. For piet o S Wh f v

. . . below the detection limits of CALIOP.
a given NAT particle number density, the uptake of HNO W on fimi

with decrgasing temperature f.OHOWS the NAT e.:quiliibrium 4.2.2 Model fit to CALIOP and MLS observations
curve until the saturation point is reached, at which time the

equilibrium volume of condensed HNMecomes equal to In principle, gas-phase HNOneasurements can provide in-

therOIEme in trlle a?sume? NAThdistributiﬁn. In this model {5 ation on the NAT volume density, restricting the range
no further uptake of HN@from the gas phase oCCurs un- ¢ <o) ions of size and number density admissible by the

til temperatures decreqse sufficiently to aIIovy the formationy,, oy scatter measurements alone, and offering the possibility
and growth of STS p_a_1rt|_c|es a}nd the NAT pgrt_lcles cannot be‘to use the combined observations from CALIOP and MLS to
larger than their equilibrium size. The equilibrium curves for ., ain the probable effective size of NAT particles. How-
NAT are shown for comparison in Fig.as dashed lines. ever, in practice there are problems in estimating reliably the

Fraction
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Fig. 4. Temperature variations relative to the frost point{@f b) total backscatter ratidc, d) perpendicular backscatter, ael f) total
uptake of HNQ by STS and NAT particles expressed as the fractional remaining gas-phasg H&&Ording to the microphysical model

of NAT/STS mixtures for different NAT particle number densities

in the range*1® 1cnm3 and effective radii of 1-pm and 6-um.

Dotted lines indicate CALIOP detection thresholds(af b) Rt = 1.25 and(c, d) 8; =2.5x 10 5km~1sr1. Dashed lines show the

NAT equilibrium curves. Lines are colored according to the corresponding NAT number densities given at the bottom of the figure. Two
contrasting scenarios are highlighted, with both causing significant gas-phasg dég@tion: the triangle symbols, ¢, e)denote a small
particle/high number density combination and the square syniibods e)denote large particle/low number density combination. An aspect
ratio of 1.2 was used for thE-matrix calculations except for the cross symbols, which used a value of 0.8.

residual gas-phase HNGraction, since although MLS mea-
sures the current gas-phase Hi@he total HNQ evolves
over time through denitrification and renitrification.

gas-phase fraction, antd denotes the measurement uncer-
tainties. The prime symbols denote the predicted quantities,
which are calculated for the model as described in Se86t.

We have investigated the use of a simple scheme to obtaias a function of¢ (in 0.1 um steps from 0.5 to 7.0 pmy,

a model fit to the observed data in terms of the NAT effec-

tive radius,re, the NAT number densityN, and the tem-
perature AT =T — Ticg, involving the calculation of 2
BL—B\

cost-function,
J (B H(5E) ®

whereRt andj, are the observed lidar total backscatter ra-
tio and perpendicular backscatterjs the observed HN®

q—q'
Oq

RT—R-/l-

URT

x2<re,N,AT)=(
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(in 37 logarithmic steps from 0.0001 to 1.0Th), andAT

(in 0.1K steps from-3 to 12 K). Since we have the temper-
ature from GEOS-5 and #0 from MLS, we can calculate
AT and therefore determine the best-fit (minimyr) from

a 2-D grid-search over the tabulated, (V) values. The to-
tal ambient HNQ is the sum of the gas-phase Hjl@nd
the HNG; contained in condensed form in the NAT and STS
particles. The MLS gas-phase HNY©ombined with an es-
timated total ambient HN@at the PSC location provides
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the gas-phase fraction coordinate in Ei). (Precise particle
sizing cannot be achieved, but the fit provides a broad cate-
gorization allowing to distinguish between PSCs with small
size/large number density and large size/small number den-
sity. We have used this method as an aid to interpretation of
particular measurement cases in Se¢#$.5and4.5.5

HNO,; (ppbv)

4.3 Comparison of observed and modeled uptake of
nitric acid in PSCs

We have analyzed the MLS gas-phase HN@riation with
temperature for each of the CALIOP PSC composition
classes analyzed in Sect.1 for the 20-day period 11—
30 June 2008, and show the results in Fg, b as scat-
ter plots, along with the theoretical gas-phase HNPtake
curves calculated for thermodynamic equilibrium conditions
for STS and NAT at a pressure of 32 hPa, assuming 14 ppbv
of total HNG;s, 4.5 ppmv of BHO, and 0.1 ppbv of KSOy.
The observed uptake of HN®y the majority of PSCs iden- 2000 +
tified as liquid (LIQ) clearly follows the STS equilibrium ©
curve, but at temperatures about 1K lower, although there 1500k b
is a long tail in the distribution extending to temperatures MIX1
as high as the NAT existence temperature threshold. The
HNO3 gas-phase deficit in the presence of PSCs identified as
MIX1/MIX2 shows an onset at temperatures slightly higher
than the NAT equilibrium curve, and extends to temperatures .
below the STS equilibrium curve. The temperature region “%
between the STS and NAT equilibrium curves is much more t * —
heavily populated by the MIX1/MIX2 types than by the LIQ i T-T,. (K)
type. Practically all PSCs identified as ICE are associated 2000
with very low residual gas-phase HNO (d
Temperature histograms for the different PSC classifica- 1500k ]
tions are shown in Figbc corresponding to ambient HNO MIX1
above 1 ppbv as measured by MLS. This constraint provides 1000k [CE ]
better discrimination between the STS and NAT equilibrium
curves. Data in the ICE classification are not subject to this
constraint. All of the distributions (LIQ, MIX1, MIX2) show S00F f""-
PSC types occurring at temperatures above their theoretical
equilibrium point and extending down to temperatures below t t )
the ice frost point. No significant difference is found between B (%_T ) : 10
the MIX1 and MIX2 temperature ranges; however, the MIX1 h
distribution is skewed to lower temperatures and further fromgig. 5. Composite statistics for 11-30 June 2008, of the MLS gas-

HNO,; (ppbv)

1000 ICE -

Number

500 b

Number

the NAT thermodynamic equilibrium than MIX2. phase HNQ@ variation with temperature in Kelvin corresponding to
the PSC types classified in Fig. (a) Scatter plots of HN@against
4.3.1 Evidence for non-equilibrium effects the temperature deviation from the frost-poifit{ Ticg) for PSCs

classified as LIQ (cyan) and ICE (blueb) As for (a) except for

The temperatures were transformed according to the apprd¥IX1 (green) and MIX2 (yellow). Equilibrium STS (cyan-black

priate equilibrium curves, with the STS uptake curve app”eddashed) and NAT (yellow-black dashec_i) curves show the t_heoretl-
to the LIQ classification and the NAT curve to the Mix1 ¢@ uptake of HN@. (c) Temperature histograms for HNGnix-

. . ._ing ratios greater than 1 ppbv for each PSC type. Data in the ice

and MIX2 classifications, and the resulting temperature his- e . . :
h in Fi Th distributi classification are not subject to this constrai(d) Temperatures

tograms are shown in Figd. e temperature distribution transformed 1 —Tgq) according to the equilibrium curves (STS

for ICE shows a mean temperature of 1.0K below the frosteyrye applied to the liquid (LIQ) classification and NAT curve to

point, with a standard deviation of about 0.5K, which may the MIX1 and MIX2 classifications). ICE histogram (d) remains
be a consequence of more favorable freezing of STS at a damchanged fronfc) for comparison.

pressed temperatur&dop et al, 1998. The transformed
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LIQ distribution mean temperature is 1.1 K lower than the Temperatures decrease over 23-25 May, but still remain
STS uptake curve, and the standard deviation is 0.7 K. Thénigher (' — Tice > 3K) than required to allow significant
transformed MIX1 and MIX2 distribution mean tempera- STS growth at the observation times of the HiN@&crease,
tures are~ 3—-4 K lower than the NAT curve and have larger as shown in Figéc. Therefore, we can rule out the growth
standard deviations of 1.7 K. Since these MIX1/MIX2 dis- of STS alone as responsible for the Hj@Eficit because the
tributions are much broader than for ICE, we infer that the uptake of HNQ by STS is insufficient at these temperatures.
larger spreads are the result of substantial non-equilibrium

effects of the solid hydrate particle population, rather than4.4.2 Quantification of temperature exposure

arising from the uncertainties in the GEOS-5 temperature

analyses. Likewise, the slightly larger spread for the LIQ dis-GEOS-5 wind analyses were used to calculate isentropic
tribution compared to ICE may also imply non-equilibrium back trajectories for five days starting from each of the MLS

effects of the STS particle population. measurement locations and observation times. Temperatures
were calculated along the trajectories by interpolation from
4.3.2 Measurement uncertainties the 6-hourly GEOS-5 analyses with potential temperature

levels at 25 K intervals. We quantify the duration of exposure
Uncertainties in the temperature analyses and nitric acicbf an air parcel to low temperatures by defining the tempera-
measurements contribute to the scatter of the data in5Fig. ture threshold exposure (TTE) to be the total integrated time
We note that in situ measurements of the aerosol volume deralong a trajectory that an air parcel is subject to synoptic-
sity variation with temperature have shown excellent agreescale temperatures below the imposed threshold. Ingeig.
ment with the calculated STS equilibrium curve (ely¢gla  we show results for a temperature threshold of 5 K above the
et al, 2003 and hence may indicate for the results here a lowice frost point on the 46 hPa pressure surface and find that
bias of about 1K in the GEOS-5 temperatures. The mearihe depleted HN@region correlates more clearly with the
value of the HNQ@ data for the ICE classification is 0.3 ppbv, region where TTE> 1.5 days than with either the region of
which could imply an actual total uptake of available HNO T < Tnar or the region of minimum local temperatures close
in the presence of ice PSCs since we are unable to ruléo Tsts(see Fig6c).
out such a small positive bias in the MLS HiN@easure-
ments. The standard deviation is 0.5 ppbv, which compare4.4.3 Comparisons of MIPAS and CALIOP PSC
well with the estimated MLS single measurement precision observations
of 0.7 ppbv given in Tablé.

Measurements of the PSC cloud top heights from MIPAS and
4.4 Onset of denitrification in the polar vortex CALIOP are shown in Figée, f. MIPAS was operated in a

mesosphere observing mode on 25 May that did not sound
4.4.1 Synoptic-scale cooling and initial HNQ depletion the lower stratosphere below 18 km. Hence, we have deter-

mined a coarse estimate of the cloud top heights on this day
Examination of the GEOS-5 synoptic temperatures overfrom the highest tangent altitude at which the CI parame-
Antarctica in May 2008 indicates that the NAT existence ter indicated a PSC detection. For the standard observing
temperature threshold is reached on 4 May. By 21 May temsmode days we used the retrieved cloud top heigHtslgy
peratures decreased sufficiently to enable the formation oét al, 20110). MIPAS detected PSCs with a range of cloud
STS in the central vortex region, although the cold pool oftop heights varying from 18.5 to 22 km, mainly withir? 8
air is located beyond the reach of the A-train orbit tracks until of the pole, but with some detections overlapping the region
25 May. However, the polar cap region withih &f the pole  sounded by CALIOP and MLS. CALIOP detected patchy
is observed by MIPAS, and from 20 May onwards PSCs areMIX1 PSCs at altitudes varying from 17 to 21 km, but most
detected there on successive days with increasing frequencgf the locations associated with low HN@easurements are
On 19-21 May, small transient decreases are seen in ML®ot correlated with PSC detections.
HNOg3 near the latitude limit of the Aura orbit tracks, which  Comparisons between CALIOP and MIPAS matching-
are also coincident with CALIOP LIQ and MIX1 detections. pair observations byHopfner et al.(2009 in 2006—2007
However, persistent HN§depletion is not visible with the  found that overall both instruments detected Antarctic PSCs
MLS instrument until 24 May at 46—32 hPa. On the 46 hPain common in 85 % of the matches during June—August, but
pressure level the HN§values within the vortex are about only 60% in May. In particular, there were considerably
14 ppbv leading up to 23 May, as shown in Fég. Following  more MIPAS-only PSC detections (i.e without correspond-
a significant decrease in HN®@n 24 May, further depletion ing matching detections by CALIOP) in May (25 %), com-
extends over the Ross Sea as the polar vortex rotates, amghred to June (8 %) and July—Octobetr 3%). Hopfner
by 25 May the lowest HN@values are about 7 ppbv, con- et al.(2009 attributed these more frequent detections to the
stituting removal of 50 % from the gas phase. A concurrentMIPAS limb-viewing geometry, which is oriented towards
increase of HN@on the 68 hPa level is indicated in Figh. the pole, and results in sensitivity to PSCs lying poleward
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Fig. 6. Orbit plots showing the evolution of HN§)temperature in Kelvin and PSC detections for selected atmospheric levels over a three-
day period 23-25 May 2008. The colors in the orbit maps refer to the colored numerical scales given on the left of thé&ajidirs.

46 hPa (20km) HN@. (b) MLS 68 hPa (18 km) HN@. (c) Temperature relative to the ice frost poit¥7 = T — Ticg, on the 46 hPa
pressure surface (yellow-black and cyan-black dashed contours indic&gsth¢hreshold and’'stgformation temperatures, respectively).

(d) Temperature threshold exposure in days (TTE)ferTicg < 5 K on the 46 hPa pressure surfafe)MIPAS PSC top heights (open grey
squares are MIPAS observations without PSC detections, and small black dots show the Aura orbit(aCld)IOP PSC top heights
(small black dots are CALIOP observations without PSC detections).
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of the tangent points, but beyond the latitude limit of the zontally (equivalent to 8 MLS along-track measurement pro-
CALIOP nadir view. Since PSC formation largely occurs files) and 18-22 km vertically (Figf). Only patchy LIQ and
in a region close to the South Pole in May, the MIPAS view- MIX1 PSCs are detected (Figg), but the TTE correlates
ing geometry has a much larger effect on the PSC detectionvell with the depleted HN@ (Fig. 7e, f), and much better
frequency at this time compared to later times when PSCdhan with the larger NAT existence region calculated from the
occur over a more widespread region. Note that the MLSlocal temperatures (Fi@b). For the region corresponding to
line of sight is in the forward direction along the orbit track TTE greater than 2-days, the HN®@ariation with temper-
and is not oriented towards the pole, therefore the low HNO ature lies between the STS and NAT thermodynamic curves
measurements are not biased by the viewing geometry. (Fig. 7d).
Vertical profiles along the same orbit transect discussed

4.4.4 Evidence for large-size NAT particles above are shown in Figa—d to highlight the depletion of

HNOs3 at 46—32 hPa and the enhancement at 68 hPa. The
The considerably longer along-track extent of the HNO CALIOP backscatter measurements are shown without any
gas-phase deficit must be reconciled with the correspondingmposed PSC detection threshold or classification in &ag.
below-threshold CALIOP observations. Two possible casesh and without the spatial coherence constraint to show their
are that the missing gas-phase HiN@sides mainly in PSC  considerable variation, particularly in the noisier perpendicu-
particles with a size distribution/number density combinationjar channel. At the lower pressures the total backscatter ratios
below the threshold of detection of CALIOP, or that most of pecome more evenly distributed abaki = 1.0, reflecting
the PSC particles have already undergone sedimentation anfle fall off in the sulfate background aerosol. Fig@e-
MLS is detecting the outflow of previously denitrified air. h shows the total and perpendicular backscatter, ki
The enhancements of about 2 ppbv in HN@ 24-25 May  TTE selected for the pressure range 46—-32hPa. The total
at 68 hPa shown in Figib could be interpreted as the evap- backscatter ratio and perpendicular backscatter both show in-
oration of solid nitric acid hydrate particles as they sedimentcreases at the lowest temperatures, but most of the data are
from colder regions above and descend into a warmer regiomelow the detection threshold.
with a lower vapor saturation ratio. Vertical wind shear may  Selective nucleation of NAT within STS has been pro-
cause the particles to follow slightly different trajectories as posed byLarsen et al(2004, who noted that previous li-
they descend, and so the renitrified layer is not expected t@jar observationsTpon et al, 2000 also indicate that the lig-
line up directly underneath the depleted layer. If this ob-yid particles could evaporate as they are transported down-
servation is a manifestation of particle sedimentation, thenyind of a synoptic-scale cold region, leaving the solid par-
the implied rate provides a constraint on the particle sizetjcles to persist in the warmer region. The 5-day back tra-
The start of this denitrification event is unIiker to have beenjectories in Fig.9 demonstrate the transport from the inner
much earlier than 20 May, when MIPAS first detected PSCS\/ortexy po]eward of 82S, with GEOS-5 Synoptic tempera-
(Cl>3.1) in the polar cap. Coupled with the MLS obser- tyres on the 475K surface (and 500 K, not shown) indicat-
vation of a vertical redistribution of HN§on 24 May, this  ing prior constant exposure to temperatures 2—4 K below the

gives an upper limit of four days for particle growth. This NAT existence threshold temperature, and conditions capable
time-scale is consistent with NAT growth to a radius of over of limited STS growth.

5um and a subsequent fall of 4 km from 32 hPa (22 km) to
68 hPa (18 km)Jensen et 812002 Voigt et al, 2005. The 4,45 Comparison with the STS-NAT model
MIPAS data during 20-25 May indicate a generally increas-
ing number of clustered PSC detections (3, 10, 16, 23, 13, 3Tonsider again the lidar backscatter and depolarization ex-
on consecutive days) with Cl values in the range 2.4—4.1 thapected for STS-NAT particle mixtures discussed in S&&.
indicate NAT volume densities above the MIPAS detection For the case investigated in Figg.and 7, the HNG; will
limit of 0.2 pm® cm~3. However, even during the earliest ob- have been been reduced from the initial value over time by
servation times, when the NAT particles may be expected tdoss from sedimentation of large NAT particles. If we assume
be growing rapidly following nucleation, none of the MIPAS that loss by sedimentation of the largest particles removes
detections show the characteristic NAT spectral signature foR ppbv (the excess detected at the renitrified level) from the
particles with radii<3 pum, and, as noted in Se@.5, the initial 14 ppbv total HNQ abundance, then we can approx-
larger NAT particles{ > 3 um) cannot be distinguished from imate better the total HN®at the height of the PSC at the
STS. Therefore, we are unable to determine a positive identimeasurement time as 12 ppbv. Therefore, since MLS mea-
fication of the presence of any NAT PSCs from these MIPASsures 7 ppbv of gas-phase Hjl@& the PSC location, we can
observations. estimate the gas-phase fraction to be abgtit27or 58 %.

An orbit transect, passing through the Hpl@epleted re- Combined with the lidar observationBr < 1.4, andg, <
gion on 25 May, is shown in detail in Figa—h. No large 5x 10-%km~1sr 1, Eq. ) then indicates a large effective
scale PSC occurrence is detected in association with the cemadius of 7 pm and NAT number density1 x 10-3cm3,
tral low HNOs region, which extends over1200 km hori-  The NAT number density lies at the lower end of the range
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Fig. 7. (a) Geographic region sampled on an orbit track on 25 May 2008 through a denitrified region. The outer colored band represents the
MLS HNO3 values at 22 km and the inner band represents the corresponding CALIOP backscatter ratio. The along-track distance is centred
on the closest approach of the orbit track to the p¢¢ . Temperature relative to the frost-poirft £ Ticg). (c) Temperature distribution of

MLS HNOj3 corresponding to the CALIOP identified LIQ (cyan) and ICE (blue) PSC tygeas(c) except for MIX1 (green) and MIX2

(yellow) PSC types and additionally for TTE2 days (purple).(e) Temperature threshold exposure (TTE) in daff$.MLS HNOs3. (g)

PSC type classification with additional background shading for ¥TEdays (purple).(h) CALIOP total backscatter ratios. Cyan-black

and yellow-black dashed lines (o, d) indicate the equilibrium curves for STS and NAT, respectively. Red-black dashed contours indicate
the 12 ppbv HNQ@ isopleth and yellow-black dashed contours(lin h) indicate theTyar threshold temperature. All temperatures and
temperature differences are given in Kelvin.

identified in the simulations byensen et al(2002 as be- smaller particle sizes and larger number densities, although
ing most efficient for denitrification (see Se2t6.2. Note  allowed by the below-threshold backscatter measurements,
that the assumed loss by sedimentation leaves 5 ppbv lockeakre essentially ruled out by the HN@easurements because
into the NAT particles, and it follows that we can only ex- they would not contain a sufficient NAT volume to explain
plain the low backscatter measurements by a combination ofthe observed gas-phase depletion of NO

large NAT particle size and low number density. PSCs with
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Fig. 8. Upper panelga—d): vertical profiles of(a) total backscatter ratigb) perpendicular backscatter coefficiefa) MLS HNOg, (d) tem-
perature relative to the frost-poirit & Ticg). Lower panelg§e—g) scatter plots against temperature relative to the frost-point for quantities on
the combined 46 and 32 hPa pressure surfaces, Weeggare for the same quantities shown(&-c). (h) Temperature threshold exposure
(TTE) for T — Tice < 5K (in days). Data are color coded according to their location along the orbit track given in B&LIOP data are
shown without an imposed PSC classification and MLS data are shog@nghat their original retrieved resolution without interpolation.
Thin solid black lines indicate backscatter ratios of 1.0 and 1.24,i8)and perpendicular backscatter values of 0 abkA0 8 km=1sr1

in (b, f), respectively. The curved line ifib) shows the calculated perpendicular backscatter arising from molecular scattering, which has
been subtracted from the observed perpendicular backscatter. All temperatures and temperature differences are given in Kelvin.

4.4.6 Summary of the early onset denitrification event — No dehydration is observed by MLS during this

episode, and typical values obB are~5 ppmv.
— Rapid gas-phase HNQldepletion in the central vortex

region is accompanied by vertical redistribution, with Further denitrification events after this initial time period are
renitrification occurring at lower heights. more difficult to interpret and will require a more extensive
modeling investigation, as they take place in a cooling atmo-
sphere, where uptake in STS starts to prevail and the previ-
ously denitrified air is transported around the polar vortex.

— The depleted HN@region is correlated with exposure
to temperatures several kelvin above the frost-point.

— The combination of CALIOP and MLS data indicates
the presence of large NAT particles with a low number
density.

4.5 Development of NAT PSCs in the polar
stratospheric belt

— No positive NAT infrared spectral detections are found 4-5-1 Mountain wave detection using AIRS radiances
by MIPAS, but the observations are consistent with

large-size NAT particles. Figure 10 shows the development of the GEOS-5 temper-

atures at 40 hPa over the Antarctic Peninsula region from
19 May-3 June 2008, and the detection of gravity wave

Atmos. Chem. Phys., 12, 2892931, 2012 www.atmos-chem-phys.net/12/2899/2012/
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20 T T T T was found to have larger brightness temperature oscillations.
Gravity wave amplitudes of over 10K against the synoptic
temperature background would be required on 28-29 May
in order to produce cooling of a few kelvin below the frost

J point, which is expected to lead to production of it@Qp
etal, 1998.

15

4.5.2 Estimation of peak wave amplitudes

10F - In general, global analyseE¢kermann et al2006 are un-

able to resolve gravity waves accurately enough to provide
————————————————— reliable estimates of the actual wave amplitudes. However,
the GEOS-5 temperatures do show oscillatory features on

5k i several days (e.g., 28 May) that appear to be correlated with
5 ﬁ ﬁ the AIRS detections. Attenuation by the AIRS vertical re-
sponse function also precludes a direct estimate of the tem-

perature wave amplitudes; however, for the AIRS data in

T - Tice (K)

0 \ \ \ \ 2003,Eckermann et a2009 determined a theoretical ver-
tical wavelength of 12 km from the wind speed and used the
21 23 25 27 calculated wave-attenuation for the 40 hPa detection to esti-

May May May May mate a probable lower amplitude limit of about 10 K. They

. ) ) S _argued further that, after taking into consideration the addi-
Fig. 9. Trajectory analysis of locations identified as depleted in tional attenuation from data smoothing, the peak amplitudes
HNOsg (less than 9ppbv) on the MLS 46 hPa pressure surface ovep, 4 he a5 high as 15 K. Similar considerations apply to the

the Ross Sea on 25 May 2008. Isentropic back trajectories A Bbservations shown here and also indicate that local temper-
shown for 475K (40 hPa) for a five day integration time. The in- P

set geographical map shows that the likely origin overlies the inneratures OYer the Antarctic Peninsula were sufficiently low to
vortex over the South Pole. Colors indicate the time (start (red)Produce ice PSCs on 28-29 May.

and end (purple)) along the trajectory. The corresponding GEOS- .

5 synoptic-scale temperature analysis time histories show constarft-2-3 MIPAS observations

exposure to conditions 2—-4 K below the NAT existence thresh- . . . .
old temperature (yellow-black dashed line), with some air masse2n 28 May, in addition to the detection of activity by

experiencing temperatures below the STS formation temperaturé\IRS, @ gravity wave feature is clearly Seen.in the GEOS-
(cyan-black dashed line). 5 temperature contours over the Palmer Peninsula {ig.

and MIPAS first detected ice PSCs at altitudes of 20—
23km. The evolution of PSCs detected by MIPAS from
o . . 28 May-3 June 2008 and the MIPAS PSC color-ratio classi-
activity near 40 hPa by the AIRS instrument. The gravity i-ation schemeHpfner et al, 20061 are shown in Figl1
wave activity at 80 hPa (not shown) peaks on the same dayg,, gata were obtained on 31 May). The PSCs classified as
as seen at 40 hPa, although in general there are more daygat stand out quite markedly against the background of STS

with positive detections at 80 hPa. Moreover, some days Withyeections, appearing downstream of the Antarctic Peninsula,
substantial activity at 80 hPa, particularly 23 May, show lit- ¢ stered at the most northerly latitudes and with maximum

tle or no activity at 40 hPa, which may be related to the AIRS ¢15,q opacities occurring at greater altitudes. At first sight
vertical wavelength attenuation. There are two main periodshe forward trajectories calculated from the MIPAS ice loca-
of gravity wave activity detected at 40 hPa. The first periodions and times in Figl1d indicate only marginal evidence
occurs during 20-22 May, when the background temperasq, ice seeding, since just two observations of the MIPAS
tures indicated by GEOS-5 are near or above the NAT exisNaT pscs were detected at later related times, contained
tence temperature. This gravity wave event may be the causg 4 gownstream trajectory “corridor” within one day of the
of an isolated PSC (not shown) that appears at 20-22 km oVEitia| ice detections. Most of the MIPAS NAT PSCs were

the Weddell Sea on 23 May that is classified as LIQ With yatected several days later at apparently unrelated locations.
an overlaying MIX1 layer. The second episode of gravity jyqvever, the limitations of spatial and temporal sampling

wave activity occurs during a cooler period on 28-29 May, ,, 4 satellite instrument must be factored into the chances
with synoptic temperatures up to 4K lower than in the first ot getection of small-scale ice PSCs associated with their
period, and therefore the chances of mesoscale temperat“b%neration in the cold phases of gravity waves.

fluctuations occurring below the ice frost point are increased.
Additionally, individual AIRS scenes were examined to de-
termine wave amplitudes and phases, and the second period
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Fig. 10. AIRS detections of gravity waves (white triangles) at 40 hPa from 19 May-3 June 2008 over the Antarctic Peninsula region. Colored
shading shows the GEOS-5 temperatures relative to the the frost peipt,in Kelvin, with red hues indicating higher temperatures than
purple hues (solid black contours are at 2 K intervals). Highlighted contours show the existence threshold temperature of NAT (approximately
Tice+7.5K, yellow-black dashed) and formation temperature of SIgg+ 3.5 K, cyan-black dashed).

45.4 CALIOP and MLS observations tected PSCs with large backscatter and depolarization that
were classified as ice types from 30 May—1 June, and that
The evolution of PSCs detected by CALIOP at 22 km from were located in regions over the Antarctic Peninsula and the
28 May-2 June 2008 is shown in FitR, along with the con-  Ellsworth Mountains.
tours of the NAT existence temperature and the STS forma- An example CALIPSO orbit transect through the central
tion temperature calculated from the GEOS-5 temperature®SC region close to the pole and through the PSC region in
and MLS HO and HNQ. The corresponding HN§values  the polar stratospheric belt is shown in Figa—h for 2 June.
observed by MLS are shown in Fitj3. Three distinct PSC-containing areas are detected at altitudes
The first CALIOP PSCs detected in the polar belt during 17-22 km in the central denitrified region (Figj4g), two
the 28—-29 May gravity wave activity are located just down- composed mainly of the LIQ type and one composed mainly
stream of the Peninsula on 28 May (see orbit tracks 10 and 1bf MIX1 with a much smaller area of MIX2 and LIQ. At
of Fig. 12a). Subsequently, MIX2 PSCs are observed in thelower altitudes 14-17 km, below the central region, MIX1
polar belt in the altitude range 18—-26 km, with a typical ver- PSCs are detected extensively in a thick layer covering an
tical extent of 4 km and horizontal extents of up to 1000 km, along-track distance of 800 km. There is evidence of ren-
throughout the next six days of CALIOP observations (noitrification at 15km near along-track coordinate500 km
data were obtained during 4-9 June). Although missing thgFig. 14f) based on an increase in HN@bove the maxi-
earlier MIPAS detections of ice on 28 May, CALIOP de- mum values seen at the same height prior to the onset of
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Fig. 11. Geographic distribution and spectral color-ratios of PSCs detected by MIPAS from 28 May—3 Jung&0d8AS PSC type
classification (Ck 4.5, for all types R1-4) at the altitudes corresponding to the maximum cloud opacity (minimum CI) detected above the
tropopause(b) The distribution of color-ratios corresponding(e). The region R1 contains NAT clouds (red square symbols) with mean
particle radii<3 um and well-defined NAT spectral signatures. R1 is separated from the other regions (R2—4) by a functional form (solid
black curve) given byHopfner et al(20068. Dashed lines show the regions most likely to contain ICE (R3 (blue) €8) and STS (R4

(cyan), 17 < Cl < 1.3). For the data in regions R2 (green) and R4, MIPAS is unable to distinguish between STS or large NAT with mean
particle radii>3 um.(c) PSC altitudes corresponding to maximum cloud opacity for the d4& and color-coded according to the scale at

the left. (d) MIPAS PSC type classification for solid types only (R1 and R3). Forward trajectories on the 500 K potential temperature surface
were launched from the locations shown by the diamond symbols at the times when PSCs classified as ice types were detected. The colo
scale in(d) indicates the PSC observation times and the time along the trajectories, such that trajectories passing near or intersecting with
observations at near coincident times have similar colors.

denitrification, which we assume occurs via the sedimentadetected at the cloud edges and below. The TTE associated
tion and evaporations of NAT PSCs. Observations of MLS with the MIX2 PSC is less than 2 days. The Hplptake as-
O3 (not shown) remain fairly constant at the same height oversociated with the MIX2 PSC (Fid.4d) shows a large varia-
the same period and indicate that this is not the result of diation and is skewed towards the NAT equilibrium curve. There
batic descent. The renitrified area extends below the height o little residual gas-phase HNON the center of the MIX2
the NAT existence temperature contour in Figh, indicat-  PSC region (Figl14f), and below the MIX2 PSC we do not
ing the likelihood of eventual evaporation of NAT particles see an extensive MIX1 region.
which descend into this warmer region.
4.5.5 Characteristics of the polar belt NAT PSCs

The HNGQ; uptake by the liquid particles and many of the
MIX1 class follows the STS equilibrium curve (Figi4c, d), Vertical profiles along the CALIPSO orbit transect are shown
as does the temperature variation of the HNfstribution  in Fig. 15a—d that highlight the highly depolarizing nature
in the region corresponding to TTE greater than 2 days butand large HNQ@ uptake by the MIX2 PSCs at tempera-
excluding the detected PSCs (Figid, e). The large-scale tures 4-8K above the frost point. Figuée—h shows
PSC in the polar stratospheric belt is at an altitude of 19-the total and perpendicular backscatter, HNdd TTE se-
24 km, mainly composed of the MIX2 type with some MIX1 lected for the pressure range 46—32 hPa. Examination of the
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(Tice+3.5K, cyan-black dashed) calculated from the GEOS-5 temperatures and MLS BIINDHO at 32 hPa. CALIOP detected ICE
from 30 May-1 June over the Antarctic Peninsula and the Ellsworth Mountains. Black dots are observations without PSC detections.
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Fig. 14. As Fig. 7, but for orbit track 12 on 2 June 2008 (see Fib#.and 13f).

total backscatter and perpendicular backscatter show botfiype la clouds associated with synoptic-scale freezing.
to be high for this NAT cloud gt ~ 2.5-35, B8, ~ 35— PSCs with similar characteristics were discussedlbgn
55x 106 cm~3), compared to typical Type la NAT PSCs, et al. (2000, who also noted that smaller NAT particle
which indicates a relatively small NAT particle size distri- sizes tend to form following a recent cooling, within a day
bution and high NAT number density. We estimate thator so, to temperatures below the NAT existence threshold.
re ~ 0.5-1um andN > 0.2cnr3 from Eq. @) (see also  They contrasted this formation scenario with that commonly
Fig.4a, c, e). observed for the larger NAT particle sizes, which tend to
form only following exposure for a few days to temperatures

Correspondingly, we associate this MIX2 PSC below the NAT threshold. Many of the MIX2 PSCs observed
with the Type la enhanced classification described byduring the period from 28 May—3 June in the polar belt have
Tsias et al(1999 and the wave-induced PSCs detected bysimilar characteristics. Additionally, some MIPAS PSC clas-
Hu et al.(2002. Such PSCs are characterized by formationsifications in Fig.11 show high values for the NAT spectral
by a mountain-wave mechanism with a composition closerparameter, RR- 1.0, which indicates the presence of NAT
to NAT thermodynamic equilibrium than the more prevalent

www.atmos-chem-phys.net/12/2899/2012/ Atmos. Chem. Phys., 12, 28984, 2012
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Fig. 15. As Fig. 8, but for orbit track 12 on 2 June 2008 (see Fi&f.and 13f). Note scale changes (@, b, e, f)from Fig. 8.

with mean particle radii<lpum Hopfner et al. 2006H. cepted into the MIX1 class. This results in a broader range of
These observations suggest a nucleation process at pldje noisy positive depolarization values being placed in the
that activates a substantial fraction of the available nuclei.LIQ classification at lower total backscatter.

Lacking a sufficiently HNQ rich environment because of

the uptake by a large number of small NAT particles, further4.5.6  Evidence for ice seeding

growth may be inhibited in these MIX2 clouds, thereby . ) ) ) .
preventing rapid sedimentation (see S&d.2. In order to investigate further the potential for ice seeding of

NAT clouds and their development downstream from the re-

Figure 16 shows composite orbit plots for the CALIOP gion of initial ice formation, forward trajectories were calcu-
PSC classifications and HN@listribution corresponding to lated starting from the locations and times that the CALIOP
locations of the PSCs detected for the period 28 May—3 Jun®SCs classified as ice were detected over the Palmer Penin-
at 22 km. An additional CALIOP PSC classification has beensula on 30 May and 1 June and the Ellsworth Mountains
generated to denote the sub-class of NAT-enhanced PSGm 31 May and 1 June. These trajectories are found to en-
(NATE) identified byTsias et al(1999. Our definition cor-  close the region downstream where the MIX2 PSCs are de-
responds to depolarizatiod, > 0.2 (Adriani et al, 2004 tected from 31 May—3 June. On 2 June the northward lo-
and backscatter ratio,5 Rt > 1.67. Pitts et al.(2011) de- cations of the MIX2 PSCs are particularly well bounded by
scribed a similar extension to their original PSC classificationthese forward trajectories (see Fig) compared to the much
scheme. Most of the MIX2 PSCs in the polar beltin Fi§.  wider demarcation area of the NAT existence temperature
are seen to fall into the NATE category. The depolarization(see Fig12f).
vs normalized backscatter of all the CALIOP PSCs detected Pitts et al.(2011) determined that wave-ice clouds can be
from 28 May—3 June 2008 is shown in Figj7. As noted identified through the presence of very large backscatter ra-
previously in Sect4.1, a constraint was added to ensure thattios (Rt > 50), which also show lidar color ratios in the range
only PSCs with significant perpendicular backscatter are ac9.25-0.35, indicating high ice particle number densities and
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Fig. 16. Geographic distribution of CALIOP and MLS data at an altitude of 22 km for the period 28 May—3 June 2008. A dashed latitude
circle at 82 S indicates the limit of the CALIOP and MLS observatio(e). CALIOP PSC classification for solid types only (MIX1 (green),

MIX2 (yellow), ICE (blue)) and including the enhanced-NAT sub-category (NATE (red)). MLS HNO3 corresponding to the PSC
locations in(a), typical unperturbed values would bel2 ppbv. (c) Forward trajectories on the 500 K potential temperature surface were
launched from the locations shown by the diamond symbols at the times when PSCs classified as ICE types by CALIOP werddjetected.
Backward trajectories on the 500 K potential temperature surface were launched from a representative sample of points along the CALIOP
orbit tracks at the times when MIX2 PSCs were detected during 28—-30 May. The color sc@e} indicate both the PSC observation

times and the time along the trajectory tracks, such that trajectories passing near or intersecting with observation tracks at near coinciden
times have similar colors. Only MIX2 PSCs (including NATE) are shown for clariticjrd).

small particle radii of 1-1.5um. The horizontal averaging ridor” formed by the trajectories from the CALIOP ice de-
used in our investigations leads to a reduction in the appartections. Back trajectories were calculated from the locations
ent peak backscatter for PSCs with a horizontal extent mucland times of observations of the MIX2 clouds on 28—-30 May,
smaller than 50 km. Analysis of the higher resolution 5km and these also indicate passage over the Palmer Peninsula
data (not shown) confirms that the ICE type PSCs with highfollowing the start of the gravity wave activity and the first
backscatter detected using the 50-km gridding during thisice detection by MIPAS on 28 May.
time are further classified as wave-ice.

As already noted above, most of the MIPAS NAT detec- 4.5.7 Temperature histories
tions are not trajectory time-correlated with the initial MI-
PAS ice detection on 28 May. However, as we see from theSeveral of the MIX2 PSC detections in the polar belt that are
geographic distributions in Figs1d andl6c, there isa good located well away from the Antarctic Peninsula show temper-
overall correspondence in the times and locations of the Ml-ature histories such as those in Fi§, where the air parcels
PAS NAT and CALIOP MIX2 detections and with the “cor- undergo a thermal cycling of 5K peak to peak over a period

www.atmos-chem-phys.net/12/2899/2012/ Atmos. Chem. Phys., 12, 28984, 2012
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Fig. 18. Back trajectories calculated for the 500 K isentropic level

Fig. 17. Scattgr plot of the depolarization vs. normalized backs.cat-for a MIX2 PSC detected along orbit track 12 on 2 June 2008 (see
ter for the period 28 May—3 June 2008, showing the PSC types 'denFigs. 12f and 13) in the polar stratospheric belt showing the pas-

tified by CA_LIOP _(MIXl (green), MIX2 (yellow), LIQ (cyan), ICE sage over the Antarctic Peninsula (inset geographical map) and the

(blue)) a,nd including the enhanced-NAT sub-category (NATE (red)) synoptic-scale temperature history. Colors indicate the time (start

atan altitude of 20-22km. (red) and end (purple)) along the trajectory. The yellow-black and
cyan-black dashed lines indicate the NAT existence temperature and

of about two days following the passage over the Peninsula.STS formation temperatures, respectively.

The lowest synoptic temperatures are only 2—-3 K above the
frost point and so readily decreased belfg by mesoscale — MIPAS identified NAT clouds with a strong infrared

fluctuations. Also of note is that although the thermal cycling spectral signature, and CALIOP classified these as NAT-
sometimes causes temperatures to exceed the NAT existence  onhanced types.

threshold, the MIX2 PSC either survived melting or reformed
further downstream. Other examples of MIX2 PSCs detected — MIPAS, CALIOP and MLS observations indicate the
in locations closer to the Antarctic Peninsula have experi- presence of small NAT particles with a large number
enced little exposure to synoptic-scale temperatures less than  density.

5K above the frost point. The back trajectories for the exam- . i i

ple in Fig.19indicate visible temperature fluctuations during  — 1raiectory analyses are consistent with the development
the passage over the Antarctic Peninsula, less than one day ©f the NAT clouds following ice seeding.

earlier than the MIX2 PSC observation by CALIOP, which
corresponds to the time of increased wave activity detecte
by AIRS. As discussed in Se@.5.2 the actual temperature
wave amplitudes are probably much larged Q K).

ALIOP operations were suspended during 4-9 June, and af-
er data collection resumed on 10 June MIX1/MIX2 PSCs
occupied a longitude region extending over the western half
of the continent. The vortex temperatures were considerably
4.5.8 Summary of the NAT polar belt outbreak lower than during the previous episode, and although they

were below the ice formation threshold in the central vor-
— Mountain waves were detected over the Palmer Penini€X, LIQ was the prevalent PSC class and ICE was not de-
sula by AIRS with temperature fluctuations of over tected until 14 June. MIX2 PSCs continued to be detected
10 K. sporadically in the polar belt, and denitrification of the vor-

. o . _ tex became more extensive. A second episode of formation
— MIPAS detected ice coincident with the mountain wave of MIX2 PSCs in the polar belt is clearly evident during

activity, and CALIOP identified wave-ice clouds over 21-23 June in the CALIOP data.
the Palmer Peninsula and Ellsworth Mountains.
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20 T r T r T T Optical properties of external mixtures of STS and NAT
PSCs, calculated using Mie theory afidmatrix methods,
were used to simulate the temperature dependence of the ex-
pected backscatter signals and HiN@as-phase uptake for

a range of NAT particle size distributions and number densi-
ties. Large NAT particle PSCs at low concentrations can se-
quester a significant fraction of HN@rom the atmosphere,
causing gas-phase depletions that can be detected by MLS,
but the PSCs may not yield detectable increases above the
CALIORP lidar threshold.

The first appearance of denitrification in the Antarctic dur-
ing 2008 occurs close to the South Pole prior to the formation
of ice PSCs. Rapid gas-phase Hij@epletion is first seen
from 23-25 May 2008, consisting of a decrease from 14 ppbv
to 7 ppbv on the 46—32 hPa pressure levels and accompanied
by a 2-3 ppbv increase by renitrification at the 68 hPa pres-
sure level. It appears to be related to slow synoptic-scale

0 ] 1 ] ] cooling in the inner vortex, which led to the formation and
25 7 29 31 growth of low number density< 1 x 10~2cm~3) large-size
May May May May NAT particles (effective radii 5-7 um). Temperature-time

histories of air parcels were used to quantify the duration of
Fig. 19. As Fig. 18 but for a MIX2 PSC detected along orbit track €XPOSure to low t_emperatures and to demonstrate_ that the de-
9 on 29 May 2008 (see Figs2b and13b). pleted HNQ region is more clearly correlated with expo-

sure to temperatures less than 5K above the ice frost point

for a duration greater than 1.5 days than with either the re-
5 Conclusions gion bounded by the NAT existence threshold <€ TnaT)

or the region of minimum temperatures closeTigs We
Combined observations from the A-train instrumentsinfer a large particle radius from the estimated sedimenta-
CALIOP and MLS were used to investigate the develop-tion rate, which caused the vertical redistribution of HNO
ment of PSCs through lidar backscatter signals and to defrom the 32—46 hPa pressure levels to 68 hPa in less than four
termine their effects on the gas-phase nitric acid distribu-days. This denitrification event is observed in the central re-
tion during the early Antarctic winter in May—June 2008. gion of the Antarctic vortex close to the pole, before synoptic
Our results illustrate the benefits of combining these meatemperatures first fall below the ice frost point.
surements, which provide better temporal and spatial coin- We have investigated an outbreak of large-scale NAT PSCs
cidences for PSC and gas-phase measurements than prewir the polar freezing belt in an episode of early Antarctic
ously achieved from instruments operating on different satelwinter behavior similar to that originally observed by MI-
lite platforms. Observational evidence of gravity-wave activ- PAS in mid-June 2003Hopfner et al, 2006a Eckermann
ity was provided by Aqua AIRS radiances, and infrared spec-et al, 2009. Small particle NAT PSCs with estimated ef-
troscopic detection of NAT-containing PSCs was obtainedfective radii of around 1 um and high NAT number densi-
from EnviSat MIPAS. GEOS-5 analyses were used to de-ties>0.2 cnm3 were observed forming at altitudes 18—26 km
rive Lagrangian trajectories and to determine temperaturedownstream of gravity-wave activity and ice formation over
time histories of air parcels. the Palmer Peninsula and Ellsworth Mountains starting from

We used CALIOP backscatter and depolarization mea-28 May 2008 and extending until at least 3 June 2008. These

surements to classify PSCs and the MLS measurements tRAT PSCS are clearly identified from the high backscatter
determine the corresponding gas-phase HM®a function  and depolarization detected by the CALIOP lidait(s et al,
of temperature. The observed uptake of nitric acid in liquid 2011) and represent a distinct sub-class of Type la PSCs pre-
and solid PSCs was compared to model calculations assumdously described by sias et al(1999 andHu et al.(2002.
ing equilibrium thermodynamics. For liquid PSCs the up- The MIPAS data were used to show that the PSCs in the polar
take of HNQ; follows the theoretical STS equilibrium curve belt also show a characteristic 820 ThNAT infrared spec-
(Carlsaw et al.1994, but at temperatures about 1K lower tral signatureldopfner et al.20061. Forward trajectory cal-
as determined from GEOS-5. The depletion of the gas-phaseulations from the times and locations of the ice detections
HNO3 by solid PSCs (classed as MIX1/MIX2) occurs over by MIPAS and CALIOP indicated origination of the NAT
awider range of temperaturesZ? to —7 K) distributed about  clouds via ice-seeding in the rapid cooling phases of grav-
the NAT equilibrium curve. ity waves that were identified by the AIRS instrument to be

active over the Palmer Peninsula starting from 28 May 2008.
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