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Abstract

A-train Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) and Microwave
Limb Sounder (MLS) observations are used to investigate the development of polar
stratospheric clouds (PSCs) and the gas phase nitric acid distribution in the early 2008
Antarctic winter. Observational evidence of gravity-wave activity is provided by At-
mospheric Infrared Sounder (AIRS) radiances and infrared spectroscopic detection of
nitric acid trihydrate (NAT) in PSCs is obtained from the Michelson Interferometer for
Passive Atmospheric Sounding (MIPAS). Goddard Earth Observing System Data As-
similation System (GEOS-5 DAS) analyses are used to derive Lagrangian trajectories
and to determine temperature-time histories of air parcels. We use CALIOP backscat-
ter and depolarization measurements to classify PSCs and the MLS measurements
to determine the corresponding gas phase HNO4 as a function of temperature. For
liquid PSCs the uptake of HNO; follows the theoretical equilibrium curve for super-
cooled ternary solutions (STS), but at temperatures about 1 K lower as determined
from GEOS-5. In the presence of solid phase PSCs, above the ice frost-point, the
HNO; depletion occurs over a wider range of temperatures (+2 to -7 K) distributed
about the NAT equilibrium curve. Rapid gas phase HNOj depletion is first seen by
MLS from from 23-25 May 2008, consisting of a decrease in the volume mixing ra-
tio (parts per billion by volume) from 14 ppbv to 7 ppbv on the 46—-32 hPa (hectopascal)
pressure levels and accompanied by a 2-3 ppbv increase by renitrification at the 68 hPa
pressure level. Temperature-time histories of air parcels demonstrate that the depleted
HNO; region is more clearly correlated with prior low temperature exposure of a few
kelvin above the frost-point than with either the region bounded by the NAT existence
temperature threshold or the region of minimum temperatures. From the combined
data we infer the presence of large-size NAT particles with effective radii > 5-7 pm
and low NAT number densities < 1x 1073 cm™. This denitrification event is observed
close to the pole in the Antarctic vortex before synoptic temperatures first fall below
the ice frost point and before the widespread occurrence of large-scale NAT PSCs at
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altitudes 18-26km in a polar freezing belt. The NAT outbreak is similar to an event
previously reported from MIPAS observations in mid-June 2003 and is again linked to
NAT formation via ice-seeding following an episode of mountain wave activity detected
by AIRS. Subsequent wave-ice formation in the rapid cooling phases over the Antarctic
Peninsula and Ellsworth Mountains is detected here by CALIOP and MIPAS. The NAT
clouds appear to be composed of relatively small particles with estimated effective radii
of around 1 um and high NAT number densities > 0.2 cm™.

1 Introduction

Polar stratospheric clouds (PSCs) are the key mediator in polar ozone depletion by
enabling heterogeneous processes that release halogens from relatively stable reser-
voir species. The liberated halogens are dissociated by ultraviolet photolysis on the
return of sunlight in the polar spring and then proceed to destroy stratospheric ozone
in catalytic photochemical cycles (e.g. Solomon, 1999). Sequestration of nitric acid into
PSCs from the gas phase alters the balance of partitioning of active nitrogen species
that transfer reactive halogens back to their inert reservoir form. Another process that
accentuates ozone destruction through removal of this reconversion pathway is the
gravitational sedimentation of large PSC particulates containing nitric acid hydrates,
which can physically remove nitrogen oxides and water vapor from a large extent of the
polar lower stratosphere.

Many different measurement techniques have been used in the quest for under-
standing the formation of PSCs. Balloon and aircraft measurements using in-situ opti-
cal particle counters, backscatter sondes, chemiluminescence and mass spectrometry
have played an important role in determining particle size distributions and compo-
sitions (Lowe and MacKenzie, 2008). The ability of infrared remote sounding to dis-
criminate sulfate aerosols from PSCs was first demonstrated by Kinne et al. (1989)
using the JPL MKIV interferometer on board the DC-8 aircraft. Lidar measurements
of backscatter and depolarization from ground-based, airborne and satellite platforms
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provide information for PSC type classification (Toon et al., 1990; Adriani et al., 2004;
Pitts et al., 2009). The PSC phase can be determined from depolarization (Biele et al.,
2001), and particle size can be inferred from color ratios based on the wavelength
dependent backscatter at two or more wavelengths (Toon et al., 2000). However, lidar
measurements do not determine the stoichiometric composition of PSCs, and the clas-
sification schemes are based on optical models. Multi-wavelength detection allows the
estimation of surface area, volume, effective particle size and composition. Discrim-
ination between solid and liquid PSCs is possible using multi-wavelength extinction
measurements (Larsen et al., 2004, and references therein).

Solar occultation measurements from satellites have been used for over 30yr to in-
vestigate PSCs, evolving from the single channel 1-um Stratospheric Aerosol Measure-
ment (SAM-II) instrument and continuing with a series of multi-channel instruments,
the Stratospheric Aerosol and Gas Experiment (SAGE |, Il lll), the Improved Limb At-
mospheric Spectrometer (ILAS |, Il) and the Polar Ozone and Aerosol Measurement
(POAM I, Ill). These observations have been important in establishing a long-term
PSC climatology (Fromm et al., 2003), but their potential is limited by the inherently low
sampling frequency of the solar occultation technique.

Space-based attempts to determine the composition of PSCs from their spectral in-
frared signatures were made using instruments on the Upper Atmosphere Research
Satellite (UARS) (Taylor et al., 1994; Massie et al., 1997; Hervig, 1999), which also
provided contemporaneous observations of temperature and gas species. These
early investigations of PSC composition from UARS were subsequently improved upon
by the Cryogenic Spectrometers and Telescopes for the Atmosphere (CRISTA) and
the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) instruments
(Spang and Remedios, 2003; Hopfner et al., 2006b).

Complementary measurements obtained from the Cloud-Aerosol Lidar with Orthog-
onal Polarization (CALIOP) on the Cloud-Aerosol Lidar Infrared Pathfinder Satellite
Observations (CALIPSO) satellite and the Aura Microwave Limb Sounder (MLS) pro-
vide a rich dataset for the study of PSCs and their effects on the vertical redistribution
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of nitric acid and water vapor. In the following sections we show that the near-
simultaneous measurements (within 30s and 10km) by CALIOP and MLS from the
A-Train can provide important information on the characteristics of PSCs and the asso-
ciated atmospheric composition. Microwave gas phase measurements are insensitive
to the presence of PSCs along the line-of-sight, unlike solar occultation and infrared
measurements, e.g. MIPAS (Wang et al., 2007), which must attempt to separate the
effects of aerosol and cloud contamination on the gas phase measurements. Ob-
servations of PSCs by CALIOP have been reported by Noel et al. (2008, 2009) and
Pitts et al. (2007, 2009, 2011). Comparisons of PSC measurements by CALIOP and
MIPAS of cloud top height and type classifications have been presented by Hopfner
et al. (2009). Previous investigations using the combined CALIOP and MLS data (Pitts
et al., 2007, 2009, 2011) have involved vortex-averaged analyses of PSCs and dynam-
ics/chemistry. The analyses presented here are based on measurements during the
early 2008 Antarctic winter and involve: (i) comparison of the modeled and observed
gas phase uptake of HNOj in liquid and solid particle PSCs, (ii) the onset of denitrifica-
tion in the polar vortex, and (iii) observations of the development of solid particle PSCs
in a polar freezing belt (Tabazadeh et al., 2001; Hopfner et al., 2006a).

In this paper, we first review in Sect. 2 properties and observations of PSCs rele-
vant to the interpretation and discussion of our studies. Section 3 describes the satel-
lite instruments, measurements and data analysis methods. Results are presented in
Sect. 4, and finally conclusions are drawn in Sect. 5.

2 Key aspects of PSC formation

2.1 Composition and thermodynamics

Polar stratospheric cloud particles have been determined to be composed of three main
types (Peter, 1997; Lowe and MacKenzie, 2008), consisting of the three main species
H,SO,, HNO; and H,O, with trace contributions from HCI, HOCI and HBr. Type la
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are solid non-spherical particles composed of nitric acid hydrates, most likely nitric
acid trinydrate (NAT) (Hanson and Mauersberger, 1988) or possibly nitric acid dihy-
drate (NAD) (Worsnop et al., 1993). Only NAT particles have been detected as a solid
component by in situ composition measurements (Voigt et al., 2000a). Type la particle
sizes are typically less than a few microns in size, but under certain conditions they
can grow to much larger sizes (Fahey et al., 2001), the efficient sedimentation of which
leads consequently to permanent removal of reactive nitrogen (denitrification) from the
polar lower stratosphere. Type Ib PSCs are sub-micron size spherical liquid droplets
and are composed of supercooled ternary solutions (STS) of H,SO,, HNO5 and H,O
(Carlsaw et al., 1994). Properties of the two distinct Type | PSC classes were derived
from the lidar depolarization characteristics (Browell et al., 1990; Toon et al., 1990;
Stefanutti et al., 1995) and from in situ measurements of aerosol volume/temperature
relationships (Dye et al., 1992, 1996). Type Il PSCs are water-ice particles that form
only under the coldest conditions below the ice frost point, and so are less frequently
created in the Arctic than in the Antarctic. The ice particles can grow to very large sizes
that sediment rapidly and lead to permanent removal of water (dehydration) from the
polar lower stratosphere.

Thermodynamic calculations are used to determine threshold existence tempera-
tures of the PSC types, which are dependent on the ambient partial pressures of H,O
in the case of the ice frost point, 7\cg (Murphy and Koop, 2005), and also HNO4 for
Tnar (Hanson and Mauersberger, 1988) and Tyap (Worsnop et al., 1993). Under typ-
ical conditions in the polar stratosphere, NAT is thermodynamically stable at temper-
atures below Tyar ~ Tice+ 7K. In the case of the liquid STS there is no particular
threshold temperature and the STS drops, forming on the ubiquitous background sul-
fate aerosol, grow slowly by condensation. As the temperature of a sulfate aerosol
droplet decreases, there is an uptake of H,SO, and H,O from the gas phase. As the
temperature decreases further the aerosol remains a supercooled liquid, and a further
uptake of HNO3 from the gas into the condensed phase occurs a few kelvin below the
NAT point close to Tgrg ~ Tyar— 3.5K and 4-5K above the ice point (Carslaw et al.,
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1997; Drdla et al., 2003). Other gases, including halogen reservoir species, dissolve
into the STS drops. The rate of sedimentation of STS cannot lead to significant deni-
trification (Lowe and MacKenzie, 2008) as the drops are limited in size to below 1 um.

The mechanisms of solid particle nucleation or conversion of STS into NAT or ice are
unclear (Lowe and MacKenzie, 2008). Laboratory measurements have determined that
homogeneous nucleation of ice from STS occurs at temperatures a few kelvin below the
ice frost point (Koop et al., 1998), but homogeneous nucleation of NAT from STS occurs
at too low a rate (Koop et al., 1997b) to account for observations of PSC formation.
Although ice particles can act as sites for heterogeneous NAT nucleation, some other
nucleation process must be at work to account for observations of NAT in air parcels
known not to have experienced temperatures below the ice frost point (Drdla et al.,
2002; Larsen et al., 2004; Pagan et al., 2004; Voigt et al., 2005). Larsen et al. (1997)
presented evidence from Arctic balloonborne backscatter sonde observations for the
effects of temperature history on NAT PSC formation, such as temperature oscillations
and duration of exposure below Tyar. In a study of Antarctic POAM PSC observations,
Steele et al. (2002) concluded that other factors besides temperature history are likely
to be a critical aspect of NAT PSC formation. The presence of aerosol impurities such
as soot, meteoritic debris, and effects of ionization by cosmic rays have been proposed
as agents which may act to promote freezing (Zondlo et al., 2000; Yu, 2004; Voigt et al.,
2005). However, studies of the bulk freezing of STS containing meteoritic particles and
other nuclei (Biermann et al., 1996), and of the nucleation rate of NAT on clay mineral
particles (Hatch et al., 2008), have indicated rates much too slow to be significant, even
for large supersaturations in the typical polar stratosphere.

2.2 Role of mountain waves

Every winter the establishment of a stable Antarctic polar vortex provides a setting for
the development of very low synoptic-scale temperatures below the threshold for PSC
existence, Tyat, for several months. In contrast, the Arctic features stronger planetary
wave activity that often disrupts the weaker vortex, and a tendency for stratospheric
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warmings to develop limits the occurrence and maintenance of temperatures low
enough to initiate and sustain PSC formation. In both polar regions mesoscale tem-
perature fluctuations induced by orographically forced gravity waves are an important
mechanism for the production of PSCs (Carslaw et al., 1998; McDonald et al., 2009;
Alexander et al., 2011). These short time-scale temperature fluctuations subject parti-
cles to rapid cooling/heating rates that can force phase transitions (Koop et al., 1997a)
and also cause particles to be driven away from an equilibrium state as the liquid and
solid phases react to changes in ambient conditions (Lowe and MacKenzie, 2008).
The time constant for gas phase diffusion of HNO3; can be ~ hours, whereas H,O
reaches equilibrium in seconds (Meilinger et al., 1995; Lowe and MacKenzie, 2008).
This can result in a hysteresis effect in the STS HNO3; mass fraction. Observations
have frequently shown significant non-equilibrium effects in PSC development (Peter
et al., 1994; Voigt et al., 2000b; Lowe et al., 2006). Biele et al. (2001) presented lidar
observations of Type la and Ib PSCs that showed optical properties with significant
deviations from those expected for particles in thermodynamic equilibrium. PSCs clas-
sified as Type Ib liquid were often found to display a significant perpendicular backscat-
ter component, indicating the presence of mixed phase clouds with a small fraction of
solid particles amongst a majority of liquid particles. Type la solid PSCs were shown to
have generally much lower backscatter than expected for particles in NAT equilibrium.

The Arctic has been the choice of most of the research on mountain wave NAT for-
mation (e.g. Carslaw et al., 1998) in preference to the same process in the Antarctic
where the synoptic temperatures are frequently lower than the ice frost point. Teit-
elbaum et al. (2001) analyzed the effects of tropospheric meteorological forcing on
PSC and ozone minihole formation and concluded that synoptic-scale dynamics is the
dominant mechanism in the Arctic and, in an 18-yr record of solar occultation measure-
ments, Fromm et al. (2003) found a strong association of PSC formation with elevated
mean tropopause height. CALIPSO and CloudSat observations have been used to
determine that a large fraction of Antarctic PSCs are probably linked to underlying
synoptic-scale deep tropospheric cloud systems (Wang et al., 2008; Adhikari et al.,
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2010). However, other work has highlighted the role of mountain wave events over
the Antarctic Peninsula in triggering heterogeneous nucleation of NAT on ice and ex-
plaining the formation of a circumpolar NAT PSC “freezing belt” observed by satellite
measurements. Localized cooling events by mountain waves have been shown to lead
to production of NAT particles (HOpfner et al., 2006a; Eckermann et al., 2009), which
can persist and grow downstream after nucleation through an ice-seeding mechanism
(Fueglistaler et al., 2002a; Dhaniyala et al., 2002). Hopfner et al. (2006a) used the
MIPAS measurements in the Antarctic from May—June 2003 to investigate the initial
stages of NAT PSC formation. They observed a sudden onset of NAT PSCs over a few
days from 10-12 June 2003 downstream of the Antarctic Peninsula, without the pres-
ence of PSCs upstream in a region with similarly low synoptic temperatures; i.e. the
nucleation of NAT particles within a pre-existing NAT-freezing belt (Tabazadeh et al.,
2001). Through microphysical modeling and mountain wave hindcasts, Hopfner et al.
(2006a) determined that the likely cause was the heterogeneous nucleation of NAT
on ice particles that had formed over the Palmer Peninsula and noted that previous
observations of PSCs were also associated with formation near this location and sub-
sequent further development downstream (Cariolle et al., 1989; Ricaud et al., 1995).
Subsequently, Atmospheric Infrared Sounder (AIRS) data were used by Eckermann
et al. (2009) to show that the MIPAS PSC episode occurred following the detection of
+10 K amplitude temperature perturbations, which provided the mesoscale source of
rapid cooling needed to explain the ice formation.

2.3 Effects of particle sedimentation

Denitrification has been observed either in the absence or in advance of significant
dehydration in both polar regions, and it is therefore well established that irreversible
removal of HNO3 from the stratosphere does not require large scale processes op-
erating below the ice frost point (Fahey et al., 1990; Santee et al., 2000; Tabazadeh
et al., 2000; Drdla et al., 2003; Voigt et al., 2005). Very large (5—10-um radius) par-
ticles were detected above the ice frost point by instruments flown on the ER-2 in
1989 (Dye et al., 1992). Subsequently, during the combined SAGE Ill Ozone Loss and
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Validation Experiment (SOLVE) and the Third European Stratospheric Experiment on
Ozone (THESEO 2000) campaign, small concentrations of large nitric acid-containing
particles (“NAT-rocks”) were observed (Fahey et al., 2001; Fueglistaler et al., 2002b),
and these measurements have been prime motivators for theoretical and modeling
investigations. Wofsy et al. (1990) proposed a mechanism for denitrification without
significant dehydration by predicting that Type Il PSC particles would sediment through
Type | PSC regions below and be protected from evaporation by accreting a NAT coat-
ing from the gas phase during their passage through NAT-supersaturated air. Lab-
oratory experiments by Aguzzi and Rossi (2001) support this accretion mechanism,
whereas Biermann et al. (1998) reported that it is not efficient, and proposed an al-
ternative mechanism whereby NAT forms from the liquid phase surrounding the ice
core.

Carslaw et al. (2002) modeled the growth, evaporation, sedimentation, and advec-
tion of NAT (and NAD) particles in the January—March 2000 Arctic vortex, but limitations
caused by the lack of contemporaneous information on the HNO; field above the air-
craft prevented the possibility to distinguish between NAT and NAD compositions for
the particles. However, in a similar study McKinney et al. (2004) used Airborne Submil-
limeter Radiometer (ASUR) inner and outer vortex averaged HNO4 gas phase profiles
to estimate denitrified and unperturbed HNO; profiles and showed that modeled de-
velopment of NAD particles resulted in maximum sizes smaller than those actually
observed, whereas NAT particles produced a better size comparison. Von Konig et al.
(2002) combined ASUR gas phase HNO3; measurements with lidar to determine a likely
NAT composition for particles in the Arctic; however, this investigation was limited by
the low vertical resolution of the ASUR instrument (6—10 km).

In the absence of Type Il PSCs, only solid particle NAT (NAD) PSCs with low num-
ber densities, possibly arising from preferential nucleation, and their subsequent more
rapid growth can lead to extensive denitrification and permanent removal of HNO4 from
the stratosphere (Jensen et al., 2002). Efficient irreversible denitrification requires the
formation and growth of particles containing HNO; of sufficient size to gravitationally
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sediment in a matter of days rather than over many weeks. The particles responsible
must be solid since liquid particles cannot grow by condensation to sufficient size to
undergo rapid sedimentation (Lowe and MacKenzie, 2008). Jensen et al. (2002) sim-
ulated the effects of PSC composition, number density and lifetime on denitrification.
Their findings indicate that NAT number densities in the range 3 x 1072 to 102cm™3
provide the most efficient route to denitrification, with 50 % depletion of the gas phase
HNO; occurring at around 20km for a cloud lifetime of about one week. Nucleated
NAT particles evolved into a distribution with an effective radius larger than 5 um over
a four day period as they gravitationally sedimented. Following a cooling/warming cy-
cle, the residual gas phase HNOj profile exibits a local maximum corresponding to the
cloud base location (16—17 km), where sublimation of the transported NAT particles
occurs. The formation of the largest NAT particles (5—10 pm radius) requires that nu-
cleation occurs only at low particle densities with an upper limit of about 10~2cm™2,
Such large particle sizes are consistent with the large NAT particle mode observed
during SOLVE (Fahey et al., 2001), with the low number of initial NAT nuclei being the
key to the “NAT-rock” production. When the NAT nuclei number densities in the Jensen
et al. simulation are increased, this effectively spreads the available HNO5 over more
NAT particles, which consequently cannot grow to sizes promoting rapid sedimentation.
The resulting NAT condensation/renitrification cycle takes place over a limited vertical
height range without producing permanent denitrification. Longer simulated lifetimes of
PSCs produced more severe denitrification, as also determined by other studies (Toon
et al., 1990; Tabazadeh et al., 2000), enabling a corresponding increase in downward
transport of HNO3 and renitrification below a cloud base located at lower altitudes. In
the presence of rapidly sedimenting solid nitric acid hydrate particles the gas phase
HNO; does not necessarily reach an equilibrium state (Lowe and MacKenzie, 2008).
Vertical redistribution of HNO; by evaporation of sedimenting PSCs has been observed
in the Arctic (Hubler et al., 1990; Arnold et al., 1998; Irie et al., 2001; Kondo et al., 2000;
Koike et al., 2002; Dibb et al., 2006; Jin et al., 2006) and the Antarctic (Hofmann and
Deshler, 1991).

29293

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
11, 29283-29356, 2011

A-train PSCS and
HNO,

A. Lambert et al.

: “““ I““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/29283/2011/acpd-11-29283-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/29283/2011/acpd-11-29283-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

3 Instruments, datasets and analysis
3.1 A-train satellite constellation

NASA’s Earth Observing System (EOS) Aura satellite, launched on 15 July 2004,
is operated in a 98° inclination Sun-synchronous orbit at an altitude of 705km with
a 1:35p.m. ascending-node time. The Microwave Limb Sounder (MLS) (Waters et al.,
2006) is one of four instruments on board the Aura platform, whose main mission objec-
tives are studying ozone, air quality and climate (Schoeberl et al., 2006). MLS detects
thermal microwave emission from the Earth’s limb and retrieves vertical profiles of at-
mospheric temperature and composition in the vertical range 8-90 km (Livesey et al.,
2006).

Aura is a key satellite in the NASA/ESA afternoon “A-train” satellite constellation and
flies in formation with the Aqua, CloudSat, CALIPSO and PARASOL satellites among
others. CloudSat and CALIPSO were carried into orbit in April 2006 on the same launch
vehicle and are operated to maintain very close positioning with respect to Aqua to per-
mit synergistic cloud measurements with Aqua MODIS. In the initial configuration Aura
lagged the lead satellite Aqua by about 15 min and the CloudSat/CALIPSO ground-
track and the MLS limb-track were separated spatially by about 200 km and temporally
by 7—8 min. From November 2007 to April 2008, Aura was gradually re-positioned fur-
ther forward in the A-Train and MLS, CloudSat and CALIPSO have since maintained
much closer tracking, with spatial and temporal differences generally better than 10 km
and 30s, respectively. The 98° inclination of the A-train satellite orbit results in a clos-
est approach of 8° to the poles, and the 705 km altitude and 98 min orbital period result
in a global coverage consisting of 14.5 orbits per day and a 233 orbit (16 day) repeat
cycle.
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3.2 Aura Microwave Limb Sounder

The Aura Microwave Limb Sounder is an advanced successor to the MLS instrument
on UARS and measures thermal emission at millimeter and sub-millimeter wavelengths
using seven radiometers to cover five broad spectral regions. The radiometric and
spectral performance of the MLS instrument is described in detail by Jarnot et al.
(2006) for the GHz radiometers. The MLS line-of-sight is in the forward direction of
the Aura spacecraft flight track. The Earth’s limb is scanned from the surface to 90 km
every 24.7 s, giving 240 scans per orbit spaced at 1.5° (165 km) intervals, with a total of
~ 3500 vertical profiles per day and a nearly global latitude coverage from 82° S—82° N.
The MLS limb radiance measurements are inverted using a 2-D optimal estimation
retrieval (Livesey et al., 2006) to yield atmospheric profiles of temperature, geopoten-
tial height, ozone, humidity and other trace gases. The Aura MLS version 2.2 (v2.2)
products have been validated comprehensively (Livesey et al., 2008), and the entire
MLS dataset has since been reprocessed using updated version 3.3 (v3.3) algorithms
(Livesey et al., 2011). The MLS v3.3 data have significant improvements for a number
of species, including the H,O, HNO3, O5, and CIO data products. Correlative mea-
surement comparisons show a fine-scale oscillation in the v2.2 H,O retrievals, and this
retrieval artefact has been eliminated in the v3.3 retrievals, along with improvements in
negative biases seen in the v2.2 retrievals of HNO3 and CIO. Typical single profile pre-
cisions and spatial resolutions for relevant species are given in Table 1 for the pressure
range 100 to 10 hPa (hectopascal).

3.3 CALIPSO/CALIOP

The CALIPSO satellite carries the CALIOP dual-wavelength elastic-backscatter instru-
ment (Winker et al., 2009). CALIOP measures vertical profiles of aerosol and cloud
backscatter at 532 nm (polarized) and 1064 nm with spatial resolutions of 0.03 km ver-
tical, 0.33 km along-track and an across-track ground foot-print of ~ 70 m. Multiple scat-
tering effects complicate the analysis of optically thick clouds, but this is not an issue
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with thin PSCs. The laser is linearly polarized and the total backscatter and perpendic-
ular component are detected at the 532 nm wavelength. On-board data processing is
used to average single-shot samples over specific height ranges. Since March 2009,
operation has switched to the second of the two CALIOP lasers after the primary laser
showed signs of output level deterioration.

The 532 nm CALIOP calibration is performed over 11 contiguous 5-km samples in
the region 30-34 km, where Rayleigh molecular scattering is assumed. Calibration
uncertainties arising from the variable stratospheric sulfate background in this height
region are confined to the tropics (Thomason et al., 2008; Vernier et al., 2009). The
calibrated data products derived from the three CALIOP channels (Hostetler et al.,
2006; Hunt et al., 2009) are attenuated volume backscatter coefficients (km‘1 sr‘1) as
a function of height, z.

3.3.1 Lidar data analysis

We have processed the high resolution CALIOP v3.01 Level 1B profile data product by
averaging onto a grid with a uniform 5km horizontal resolution and a vertical resolu-
tion of 90m, 180 m, 540 m and 900 m for height ranges of —0.5-8.2 km, 8.2-20.2 km,
20.2-30.1 km and > 30.1 km, respectively. This is the same grid on which Wu et al.
(2011) carried out an investigation of the CALIOP day and night backscatter noise to
characterize the spatial and temporal variations of the noise bias and standard devi-
ation. Separation of PSC from the aerosol background in the presence of noise is
a non-trivial process, and the analysis presented here has been restricted to nighttime
CALIOP observations because the daytime measurements are inherently noisier.

The attenuated backscatter can be decomposed into the sum of the volume par-
ticulate backscatter, ,Bp, and molecular backscatter, §,,, coefficients multiplied by the
product of the two-way atmospheric path transmittances.

B/(2) = (Bp(2) + Brn(2NTE o (DT, 1 (22 (2) (1)
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where the subscripts p and m refer to particulate and molecular scattering, respec-
tively. Tf is the two-way path transmittance due to each of molecular extinction, ozone
absorption and particulate extinction (Hostetler et al., 2006). The attenuated backscat-
ter is corrected for molecular extinction and ozone absorption by using GEOS-5 tem-
peratures and MLS O, data for the calculation of molecular scattering and atmospheric
path transmittances.

Single wavelength elastic-backscatter measurements lead to an under-determined
set of equations, with two unknown quantities (backscatter and extinction) at each alti-
tude and only one measurement (attenuated backscatter). Various methods are used
to relate particulate backscatter to volume extinction properties (so-called Lidar ratio):
(a) scaling parameterizations, (b) independent measurements of optical depth and (c)
optical models of the wavelength dependence of the particle properties (refractive in-
dex, shape, size distribution) coupled with Mie scattering (spherical) calculations or
non-spherical models (e.g. T-matrix methods). Here we employ a correction to the at-
tenuated backscatter for the molecular scattering and ozone absorption only, in effect
assuming that 7, = 1.0. Noel et al. (2009) noted that PSCs are frequently subvisual
(optical depth < 0.03) and that optical depths rarely exceed 0.3. For optical depths
below 0.1, the resulting error in the backscatter is less than 20%. This approach is
consistent with the use of the CALIOP data on low opacity PSCs by other investigators
(Noel et al., 2008; Pitts et al., 2007, 2009).

3.3.2 Summary of derived quantities from the lidar

Total attenuated backscatter is given by the sum of the parallel, ;6”, and perpendicular,
[, , components

Br=B)+B. (2)
The backscatter ratio (backscatter relative to Rayleigh scattering) is given by
Bp(2) + Bm(2)

e = =53

(3)
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Particulate depolarization is obtained from the ratio of the perpendicular to parallel
lidar signals

R* -1 -

8, = 8= M (4)
Rl -1 By =B,

where 8, is the molecular depolarization and is given by Hostetler et al. (2006) as

8y = Pns _ 0.00366 (5)
m|

In practice the interpretation of the depolarization ratio is often complicated by the pres-
ence of external mixtures of liquid droplets (perfect spheres) and solid (non-spherical)
particles along the optical path (Daneva et al., 2003).

A measure of the bulk particle size can be obtained from the color ratio (ratio of the
backscatter in the 1064-nm and 532-nm channels), with larger values indicating larger
particle sizes, but its use is limited to scattering conditions leading to significant return
signals from the noisier 1064 nm channel. We use only the CALIOP 532-nm data in
the current analysis.

3.3.3 CALIOP PSC detection

We apply a spike filter to the CALIOP lidar data to remove the space environment
radiation-induced noise events that are typically seen at isolated locations (Pitts et al.,
2009). The method consists of running a 5-point horizontal filter through the along-track
backscatter data and checking the central point values at the along-track location index,
i, (Rr,, B.,) against the mean values for the four outer location indices, (F_"T,- =(Rr,_,+

Rr._ +Rr. . +RTI_+2)/4, ,61/_ =B, ,+B.,  +B.,,, +:3¢,-+2)/4)- For the total backscatter
signal, a spike is detected at location, /, and the data replaced with a missing value
flag for the condition A7, > 9 and F"T,- < 3. Similarly, for the perpendicular signal, a spike
is detected and the data replaced with a missing value flag for the condition 8, >
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1x10™*km ™' sr™"and B, <1x107km™~"sr™". The filter is used only in rejecting noise
spikes and the resulting cleaned data are mapped onto the regular analysis grid (50 km
by 0.5km) using aKalman smoothing technique (Rodgers, 2000). The non-uniform
vertical resolution is taken into account by weighting according to the measurement
integration time.

There is considerable noise in the backscatter measurements and variation due to
background aerosols. The total and perpendicular backscatter thresholds, which de-
termine the PSC detection limits, have been adapted for the different noise charac-
teristics of the data gridding used in this investigation. Detection thresholds were de-
termined from statistical considerations of the CALIOP measurements of the aerosol
background at temperatures above expected PSC formation conditions (> 205 K). We
have found that fixed minimum thresholds for the total backscatter ratio and perpendic-
ular backscatter are acceptable for the height range used in this investigation. Addi-
tionally, we have imposed tests for spatial correlation, which require detections above
the thresholds for five out of nine locations defined by a 3 by 3 grid box centered on
the PSC location. A positive detection requires either: (i) a spatially correlated to-
tal backscatter ratio (R > 1.25) or (ii) a spatially correlated perpendicular backscatter
(B, >25x10"°km™" sr™") combined with a lower threshold for the total backscatter
ratio (Rr > 1.15). The false positive detection rate is determined to be less than 0.1 %,
based on analysis of data selected for 7 —7|cg > 10K, during early May 2008 when no
PSCs are expected to be present.

3.4 Combined CALIOP/MLS satellite data analysis

Data from each orbit transect of the Antarctic polar regions were assembled into height
vs. along-track cross-sections of colocated MLS species and CALIOP data with hor-
izontal and vertical grid spacings of 50 and 0.5 km, respectively, as shown in Fig. 1.
Geometric heights for MLS are determined from the retrieved geopotential heights.
These vertical cross-sections have proven to be a very useful means of examining
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an extremely large data set and identifying potential anomalous events and cases for
further investigation. Derived information such as the backscatter vs depolarization
distribution is also produced. The equilibrium composition of STS is calculated from
the parameterization of the thermodynamic model by Carlsaw et al. (1995) and vapor
pressures calculated from the expressions given by Hanson and Mauersberger (1988)
for NAT and Murphy and Koop (2005) for ice. The majority of the MLS species, includ-
ing HNO4, are retrieved at a lower vertical resolution (6 levels per decade in pressure)
than are temperature, H,O and O3 (each at 12 levels per decade). The MLS data
are interpolated to the analysis grid with an effective over-sampling of a factor of three
in the horizontal and a factor of three (five) for the higher (lower) vertical-resolution
species.

3.5 MIPAS

The MIPAS instrument (Fischer et al., 2008) was launched in March 2002 on the ESA
Environment Satellite (EnviSat). MIPAS is an infrared Fourier transform spectrometer
for the detection of limb emission spectra which, through azimuth scanning, provides
global coverage from 87.5° S to 89.3° N. The instrument field of view is 30 km across-
track and 3km in the vertical. The horizontal along-track sampling is ~ 500 km. We
have used the MIPAS v4.67 Level 1B radiance data and applied a correction to the
engineering tangent altitude registration for a reported offset of 1.5km at the South
Pole.

We have used retrievals of cloud top height (Hurley et al., 2011) and the color-
ratio PSC type discrimination developed by Spang et al. (2004) and Hopfner et al.
(2006b) to supplement the measurements from CALIOP. MIPAS PSC detection relies
on a composition independent cloud-index parameter (CI), which is inversely related
to cloud optical thickness, and defined as the ratio of the mean spectral intensities
in the wavenumber ranges 788.2—796.25 cm™' and 832.3-834.4cm™". The threshold
used for PSC detection is Cl < 4.5 (Spang and Remedios, 2003), and calculations by
Hopfner et al. (2006b) indicate this corresponds to a volume density detection limit
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of 0.2-0.4pm3cm™. A second radiance ratio (referred to here as the NAT spectral
parameter, RR), is used to detect NAT-containing clouds from a distinctive spectral fea-
ture near 820cm™', and is defined as the ratio of the mean spectral intensities in the
wavenumber ranges 819.0-821.0cm™' and 788.2-796.25cm™'. The NAT 820cm™"
spectral feature flattens as the mean particle radius increases beyond 2—3 um (Hopfner
et al., 2006b), resulting in an inability to discriminate larger NAT particles from STS.

3.6 Aqua AIRS

The AIRS instrument (Aumann et al., 2003), launched in May 2002 on the Aqua satel-
lite, is a multispectral infrared imager with a horizontal resolution of 13.5 km at the nadir.
AIRS measurement scene granules are assembled from the data in a ~ 1650 km wide
swath accumulated over a time period of 6 min and consist of 135 contiguous across-
track scan sweeps each containing 90 ground footprints with a 1.1° field-of-view. The
horizontal resolution is 13.5km at nadir increasing to 41 km by 21.4km at the scan
extremes. We have analyzed the AIRS v5.0 Level 1b radiances using the methods
of Eckermann et al. (2009) to detect gravity waves. After converting selected radi-
ance channels to form a brightness temperature product and horizontal filtering and
smoothing to reduce noise, small-scale residuals down to a wavelength of ~ 300 km
may be detected (Eckermann et al., 2009). The vertical weighting functions of the
AIRS instrument are quite broad in height (~ 10 km) and unable to resolve short verti-
cal wavelength features (Hoffmann and Alexander, 2009). However, comparisons with
MLS temperatures for gravity wave events (not shown) indicate that AIRS has some
sensitivity to vertical wavelengths as short as 7km. We have analyzed the AIRS radi-
ance brightness temperature perturbations for selected channels with peak responses
near 80 and 40 hPa as determined by Eckermann et al. (2009).

We calculate the standard deviation about the background mean brightness temper-
ature and accumulate the statistics of the perturbation amplitudes from each scene
for each complete day of observations. We define a perturbation greater than 4.5
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standard deviations above (or below) the background mean to be a significant detec-
tion and therefore disregard the wave phase in order to combine data obtained at differ-
ent AIRS measurement times throughout the whole day, which allows us to gauge the
evolution of the gravity wave activity in terms of the locations, intensities and number
of detections for each day.

3.7 Collocated meteorological data

We use the Goddard Earth Observing System Data Assimilation System (GEOS-5
DAS) 6-hourly gridded data products (Rienecker et al., 2008) of temperatures and
winds supplied on a 540 by 361 longitude-latitude grid. The 6-hourly temperature
data are also interpolated in location and time to the analysis grid shown in Fig. 1.
Lagrangian tracking of air parcels is a well established technique for selecting rele-
vant spatially-correlated time-ordered measurement samples from satellite data sets
(e.g. Danilin et al., 2002). The technique allows separation of chemical changes from
dynamical processes by linking together a series of measurements of the same air
parcel at different locations and times. In this analysis we use isentropic Lagrangian
trajectories to determine the synoptic temperature-time history of air parcels and to
establish their provenance. We interpolate the GEOS-5 data products onto a potential
temperature grid with a spacing of 25K to facilitate the trajectory analyses. A standard
fourth-order Runge-Kutta integration with a time step of 15min is used to update the
trajectory coordinates.

3.8 Modeling of liquid-solid PSC mixtures

We have carried out microphysical and optical calculations for STS and NAT particle
distributions for equilibrium conditions and representative STS-NAT mixtures following
the methodology used by Pitts et al. (2009) in deriving the CALIOP PSC classification
algorithm. This is based on in situ observations of particle size and number density
(Dye et al., 1992; Fahey et al., 2001; Northway et al., 2002) and used a fixed total
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particle number density, Nrgr = 10cm™. Pitts et al. displayed the results of their cal-
culations in a form suitable for PSC classification, i.e. depolarization vs. normalized
backscatter ratio. In this investigation we are also interested in the temperature vari-
ation of the total backscatter, depolarization and gas phase uptake of HNO; for the
various STS-NAT mixtures.

The calculations used a representative atmospheric pressure of 46 hPa, with a low
background H,SO, value of 0.1 ppbv (parts per billion by volume) (Tsias et al., 1999),
12 ppbv for HNO3; and 5 ppmv (parts per million by volume) for H,O. Although appar-
ently limited to a particular atmospheric pressure, the results are applicable to a wider
range of total pressures, as noted by Biele et al. (2001) and Drdla et al. (2003), through
a transformation of the temperature coordinate to 7 —7,cg, which removes variations
due to H,O partial pressure, or T — Tyar, Which additionally removes the smaller varia-
tions due to HNO, partial pressure.

PSC particle distributions were parameterized according to the same scenarios
given by Pitts et al. (2009). For the STS only scenario: the particle size distri-
bution assumed is lognormal with standard deviation, ¢ = 1.6, and number density,
Ngrs = 10cm™2, and the mode radius derived from the equilibrium condensed STS
volume obtained from the Carlsaw et al. (1995) model for temperatures between 196
and 3K below the frost point. For STS-NAT mixtures: an inverse power law NAT par-
ticle distribution is assumed with fixed effective variance of 0.1 (Liu and Mishchenko,
2001), effective radii varying from 0.5 to 7 um and NAT number densities varying from
10~ to 1cm™. The NAT volume is constrained to not exceed the equilibrium NAT
volume. Co-existing STS particles are adjusted such that their number density is re-
duced to preserve the total number density, i.e. Ngtg = Ntgr — Nyar and the residual
gas phase HNOj is adjusted for the amount condensed in the NAT particles.

Optical properties were calculated using Mie theory for liquid spherical particles and
the T-matrix method for solid NAT (Mishchenko and Travis, 1998). There is no sim-
ple depolarization dependency on the particle shape (Liu and Mishchenko, 2001; Re-
ichardt et al., 2002), and a variety of shapes are consistent with lidar observations
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(Reichardt et al., 2004). Here, we have assumed spheroidal NAT with aspect ratios
of 0.8 (prolate) and 1.2 (oblate). Real refractive indices at 532 nm were assumed to
be 1.43 for STS, 1.50 for NAT, with zero imaginary refractive indices for both particle

types.

4 Results
4.1 CALIOP PSC classification

We have used a PSC type classification algorithm developed by Pitts et al. (2009)
for the CALIOP data, which categorizes the total and perpendicular lidar backscatter
signals into one of four statistical composition classes based on a depolarization and
inverse backscatter relation. PSC classification takes place after the PSC detection
stage discussed in Sect. 3.3.3. Figure 2 shows an example of the depolarization vs.
normalized backscatter distribution compiled over a 20-day period 11-30 June 2008, at
20—22 km and divided into four composition classes MIX1, MIX2, ICE and LIQ. Here,
LIQ corresponds to the STS class of Pitts et al. (2009), consisting 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 between lower and
higher NAT number/volume densities, with the MIX1 (MIX2) class populating the lower
(higher) division. We have imposed an additional constraint (G, >2.5x 108 km™’ sr'1)
on the MIX1 class to accept only PSCs which have significant perpendicular backscat-
ter. This attempts to compensate for the increased noise on the depolarization ra-
tio at low backscatter by placing STS-NAT mixtures 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 represented at this time of
year and observed a mid-June correlation between the increase in the frequency of
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CALIOP detection of NAT PSC mixtures and a strong decrease observed in the MLS
gas phase HNO;. MIX1 was found to be more prevalent at lower altitudes than MIX2,
and this is reflected here in the smaller number of detections of MIX1 compared to
MIX2 at 20—22km. The percentage occurrence for each PSC type detected is LIQ
24 %, MIX1 28 %, MIX2 40 %, and ICE 8%. The temperature distribution of the de-
tected PSC types is shown in Fig. 3 as a fraction of the number of observations in
each temperature bin. The fraction of detections of the MIX1 and MIX2 types starts to
increase at Tcg + 8 K and reach broad maxima of 0.15 for MIX1 and 0.20 for MIX2 near
Tice + 3K. For the LIQ class, the fraction starts to increase at 7\cg + 4 K and reaches
a well defined peak of 0.35 at the ice frost point. There is a rapid increase in detections
of MIX2 and ICE types within 1K of the frost point. The fraction of all PSCs detected
increases rapidly below 7,cg + 1.5 K and reaches 0.6 at the ice frost point and over 0.9
for T\ce — 1 K. Occasionally ice is mis-identified by the classification scheme because of
the conservative placement of the MIX2/ICE boundary, as also noted by Hopfner et al.
(2009). For example, this can occur in regions of MIX2 PSCs (not shown), but may
only become apparent in situations where locations are over the ocean and remote
from any topographic features and the temperatures are several kelvin above the frost
point.

4.2 Constraints provided by simultaneous observations of backscatter,
depolarization and gas phase HNO;

NAT particles can significantly deplete the gas phase HNO5 abundance even for quite
low particle number densities (less than 1078 cm‘s) if their effective radii are sufficiently
large (greater than about 4 um). However, the corresponding effects on the optical
properties of the backscatter from the solid particles can be rather harder to detect.
Here we show that the presence of NAT particles with low number densities may fall
below the detection threshold of CALIOP even for the largest particle sizes. At tem-
peratures where STS forms, the situation becomes even more difficult for identifying
the solid hydrate component since the liquid particles begin to dominate the parallel
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backscatter return signal (Daneva et al., 2003). These issues have been discussed by
Biele et al. (2001), who showed that the perpendicular backscatter component is better
for the purposes of detecting very low concentrations of the solid particle component in
mixed phase PSCs than the aerosol depolarization. Figure 4 shows the calculated total
backscatter, perpendicular backscatter and the fractional gas phase HNOj as a func-
tion of temperature for STS-NAT mixtures with NAT effective radii of 1 um and 6 um.
For a given NAT particle number density, the uptake of HNO; with decreasing temper-
ature follows the NAT equilibrium curve until the saturation point is reached, at which
time the equilibrium volume of condensed HNO5 becomes equal to the volume in the
assumed NAT distribution. In this model no further uptake of HNO4 from the gas phase
occurs until temperatures decrease sufficiently to allow the formation and growth of
STS particles.

Two contrasting scenarios are highlighted in Fig. 4, both causing significant HNO4
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 parti-
cle/low number densities (associated with slow synoptic cooling) (Hu 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 pm and a high number density of 0.5 cm™
sequesters about 60 % of the ambient HNO4 (triangle symbol). The total backscatter
ratio of Ry = 4.2 and perpendicular backscatter of 3, = 6 x 10~ km™"sr™" are corre-
spondingly 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 below the thresholds of detection if the NAT number density is suf-
ficiently low, although the resulting HNO4 depletion may be quite easily detectable. As
shown in Fig. 4b,d.f, at temperatures of 4-5K above the frost-point, a NAT particle
distribution with an effective radius of 6 um and a number density of 1073 cm™ se-
questers about 25 % of the ambient HNO5 (square symbol). The corresponding total
backscatter ratio is quite low (Ry = 1.3), but above the CALIOP detection threshold.

The perpendicular backscatter (G, =6 x 10~ % km™’ sr'1) is quite sensitive to the actual
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particle shape (Liu and Mishchenko, 2001) and could lie above or below the CALIOP
detection threshold, as shown in Fig. 4d by calculations for the two different assumed
aspect ratios of 0.8 and 1.2. This could result in PSCs with large-size NAT particles
being classified as non-depolarizing and to be placed in the LIQ class rather than the
MIX1 class.

In terms of the NAT number density, the CALIOP detection threshold for a 6-um NAT
size distribution is about 4 x 10™* cm™, with a corresponding NAT volume density of
about 0.3 um3 cm™~2 which lies in the 0.2-0.4 um3 cm™3 range of the MIPAS detection
limit. The NAT particles sequester about 15 % of the ambient HNO;. For an atmo-
sphere containing 14 ppbv total HNOj this results in a decrease in the gas phase of
about 2 ppbv, which is readily detectable by MLS. Therefore, under such conditions
MLS should be able to detect depletion of HNO5 in PSCs which are at or even below
the detection limits of CALIOP.

In principle, gas phase HNO5; measurements can provide information on the NAT vol-
ume density, restricting the range of solutions of size and number density admissible by
the backscatter measurements alone, and offering the possibility to use the combined
observations from CALIOP and MLS to constrain the probable effective size of NAT
particles. However, in practice there are problems in estimating reliably the residual
gas phase HNO; fraction, since although MLS measures the current gas phase HNO,
the total HNO; evolves over time through denitrification and renitrification. We have
investigated the use of a simple scheme to obtain a model fit to the observed data in
terms of the NAT effective radius, r,, the NAT number density, N, and the temperature,
AT =T —T,cg, involving the calculation of a ,1/2 cost-function,

! 2 A 2 2
2 _(Ar=Fr BB, q-q'
x(re,N,Ar)-< ) (5) (55 ©

where Ry and (, are the observed lidar total backscatter ratio and perpendicular

backscatter, g is the observed HNO; gas phase fraction, and o denotes the mea-

surement uncertainties. The prime symbols denote the predicted quantities which are
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calculated for the model as described in Sect. 3.8 as a function of r, (in 0.1 pm steps
from 0.5 to 7.0 um), N (in 37 logarithmic steps from 0.0001 to 1.0 cm'3), and AT (in
0.1 K steps from -3 to 12K). Since we have the temperature from GEOS-5 and H,O
from MLS, we can calculate AT and therefore determine the best-fit (minimum ,1/2) from
a 2-D grid-search over the tabulated (r,,N) values. We have used this method as an
aid to interpretation of particular measurement cases in Sects. 4.4 and 4.5.2.

4.3 Observed and modeled uptake of nitric acid in PSCs

We have analyzed the MLS gas phase HNOj variation with temperature for each of the
CALIOP PSC composition classes analyzed in Sect. 4.1 for the 20-day period 11-30
June 2008, and show the results in Fig. 5a,b as scatter plots, along with the theoretical
gas phase HNO; uptake curves calculated for thermodynamic equilibrium conditions
for STS and NAT at a pressure of 32 hPa, assuming 14 ppbv of total HNO3, 4.5 ppmv
of H,O, and 0.1 ppbv of H,SO,. The observed uptake of HNO5 by the majority of
PSCs identified as liquid (LIQ) clearly follows the STS equilibrium curve, but at tem-
peratures about 1 K lower, although there is a long tail in the distribution extending to
temperatures as high as the NAT existence temperature threshold. The HNO; gas
phase deficit in the presence of PSCs identified as MIX1/MIX2 shows an onset at tem-
peratures 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 heavily populated by the MIX1/MIX2 types than by the
LIQ type. Practically all PSCs identified as ICE are associated with very low residual
gas phase HNO;.

Temperature histograms for the different PSC classifications are shown in Fig. 5¢ cor-
responding to ambient HNO3 above 1 ppbv as measured by MLS. This constraint pro-
vides 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 PSC types occurring at temperatures above their theoretical equilibrium
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point and extending down to temperatures below the ice frost point. No significant
difference is found between the MIX1 and MIX2 temperature ranges; however, the
MIX1 distribution is skewed to lower temperatures and further from the NAT thermody-
namic equilibrium than MIX2.

The temperatures were transformed according to the appropriate equilibrium curves,
with the STS uptake curve applied to the LIQ classification and the NAT curve to the
MIX1 and MIX2 classifications, and the resulting temperature histograms are shown in
Fig. 5d. The temperature distribution for ICE shows a mean temperature of 1.0 K below
the frost point, with a standard deviation of about 0.5 K, which may be a consequence
of more favorable freezing of STS at a depressed temperature (Koop et al., 1998).
The transformed LIQ distribution mean temperature is 1.1 K lower than the STS uptake
curve, and the standard deviation is 0.7 K. The transformed MIX1 and MIX2 distribution
mean temperatures are ~ 3—4 K lower than the NAT curve and have larger standard
deviations of 1.7 K. Since these MIX1/MIX2 distributions are much broader than for
ICE, we infer that the larger spreads are the result of substantial non-equilibrium effects
of the solid hydrate particle population, rather than arising from the uncertainties in
the GEOS-5 temperature analyses. Likewise, the slightly larger spread for the LIQ
distribution compared to ICE may also imply non-equilibrium effects of the STS particle
population.

Uncertainties in the temperature analyses and nitric acid measurements contribute
to the scatter of the data in Fig. 5. We note that in situ measurements of the aerosol
volume density variation with temperature have shown excellent agreement with the
calculated STS equilibrium curve (e.g. Drdla et al., 2003) and hence may indicate for
the results here a low bias of about 1 K in the GEOS-5 temperatures. The mean value
of the HNOg data for the ICE classification is 0.3 ppbv, which could imply an actual total
uptake of available HNOj in the presence of ice PSCs since we are unable to rule out
such a small positive bias in the MLS HNO; measurements. The standard deviation is
0.5 ppbv, which compares well with the estimated MLS single measurement precision
of 0.7 ppbv given in Table 1.
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4.4 Onset of denitrification in the polar vortex

Examination of the GEOS-5 synoptic temperatures over Antarctica in May 2008 indi-
cates that the NAT existence temperature threshold is reached on 4 May. By 21 May
temperatures decreased sulfficiently to enable the formation of STS in the central vor-
tex region, although the cold pool of air is located beyond the reach of the A-Train orbit
tracks until 25 May. However, the polar cap region within 8° of the pole is observed by
MIPAS, and from 20 May onwards PSCs are detected there on successive days with in-
creasing frequency. On 19-21 May, small transient decreases are seen in MLS HNOg
near the latitude limit of the Aura orbit tracks, which are also coincident with CALIOP
LIQ and MIX1 detections. However, persistent HNO5 depletion is not visible with the
MLS instrument until 24 May at 46-32hPa. On the 46 hPa pressure level the HNO4
values within the vortex are about 14 ppbv leading up to 23 May as shown in Fig. 6a.
Following a significant decrease in HNO3; on 24 May, further depletion extends over
the Ross Sea as the polar vortex rotates, and by 25 May the lowest HNO; values are
about 7 ppbv, constituting removal of 50 % from the gas phase. A concurrent increase
of HNO; on the 68 hPa level is indicated in Fig. 6b.

Temperatures decrease over 23-25 May, but still remain higher (T —T\cg > 3K) than
required to allow significant STS growth at the observation times of the HNO; de-
crease, as shown in Fig. 6¢c. Therefore, we can rule out the growth of STS alone as
responsible for the HNO; deficit because the uptake of HNO5 by STS is insufficient
at these temperatures. GEOS-5 wind analyses were used to calculate isentropic back
trajectories for five days starting from each of the MLS measurement locations and ob-
servation times. Temperatures were calculated along the trajectories by interpolation
from the 6-hourly GEOS-5 analyses with potential temperature levels at 25K intervals.
We quantify the duration of exposure of an air parcel to low temperatures by defining
the temperature threshold exposure (TTE) to be the total integrated time along a tra-
jectory that an air parcel is subject to synoptic-scale temperatures below the imposed
threshold. In Fig. 6d, we show results for a temperature threshold of 5 K above the ice
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frost point on the 46 hPa pressure surface and find that the depleted HNO, region cor-
relates more clearly with the region where TTE > 1.5 days than with either the region
of T < Tyar or the region of minimum local temperatures close to Tgrg.

Measurements of the PSC cloud top heights from MIPAS and CALIOP are shown
in Fig. 6e,f. MIPAS was operated in a routine observing mode for the mesosphere
on 25 May that did not sound the lower stratosphere below 18 km. Hence, we have
determined a coarse estimate of the cloud top heights on this day from the highest
tangent altitude at which the Cl parameter indicated a PSC detection. For the standard
observing mode days we used the retrieved cloud top heights (Hurley et al., 2011).
MIPAS detected PSCs with a range of cloud top heights varying from 18.5 to 22 km,
mainly within 8° of the pole, but with some detections overlapping the region sounded
by CALIOP and MLS. CALIOP detected patchy MIX1 PSCs at altitudes varying from
17 to 21 km, but most of of the locations associated with low HNO5; measurements are
not correlated with PSC detections.

Comparisons between CALIOP and MIPAS matching-pair observations by Hopfner
et al. (2009) in 2006—2007 found that overall both instruments detected Antarctic PSCs
in common in 85 % of the matches during June—August, but only 60 % in May. In par-
ticular, there were considerably more MIPAS-only PSC detections (i.e without corre-
sponding matching detections by CALIOP) in May (25 %), compared to June (8 %) and
July—October (< 3 %). Hopfner et al. (2009) attributed these more frequent detections
to the MIPAS limb-viewing geometry, which is oriented towards the pole, and results in
sensitivity to PSCs lying poleward of the tangent points, but beyond the latitude limit of
the CALIOP nadir view. Since PSC formation largely occurs in a region close to the
South Pole in May, the MIPAS viewing geometry has a much larger effect on the PSC
detection frequency at this time compared to later times when PSCs occur over a more
widespread region. Note that the MLS line of sight is in the forward direction along the
orbit track and is not oriented towards the pole, therefore the low HNO5; measurements
are not biased by the viewing geometry.
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The considerably longer along-track extent of the HNO4 gas phase deficit must be
reconciled with the corresponding below-threshold CALIOP observations. Two possible
cases are that the missing gas phase HNO, resides mainly in PSC particles with a size
distribution/number density combination below the threshold of detection of CALIOP,
or that most of the PSC particles have already undergone sedimentation and MLS is
detecting the outflow of previously denitrified air. The enhancements of about 2 ppbv in
HNO; on 24-25 May at 68 hPa shown in Fig. 6b could be interpreted as the evaporation
of solid nitric acid hydrate particles as they sediment from colder regions above and
descend into a warmer region with a lower vapor saturation ratio. Vertical wind shear
may cause the particles to follow slightly different trajectories as they descend, and so
the renitrified layer is not expected to line up directly underneath the depleted layer.
If this observation is a manifestation of particle sedimentation, then the implied rate
provides a constraint on the particle size. The start of this denitrification event is unlikely
to have been much earlier than 20 May when MIPAS first detected PSCs (Cl > 3.1) in
the polar cap. Coupled with the MLS observation of a vertical redistribution of HNOg
on 24 May, this gives an upper limit of four days for particle growth. This time-scale
is consistent with NAT growth to a radius of over 5 um and a subsequent fall of 4 km
from 32 hPa (22 km) to 68-hPa (18 km) (Jensen et al., 2002; Voigt et al., 2005). The
MIPAS data during 20—25 May indicate a generally increasing number of clustered PSC
detections (3, 10, 16, 23, 13, 31 on consecutive days) with Cl values in the range 2.4—
4.1 that indicate NAT volume densities above the MIPAS detection limit of 0.2 um cm™3.
However, even during the earliest observation times, when the NAT particles may be
expected to be growing rapidly following nucleation, none of the MIPAS detections
show the characteristic NAT spectral signature for particles with radii < 3 um, and, as
noted in Sect. 3.5, the larger NAT particles (r > 3um) cannot be distinguished from
STS. Therefore, we are unable to determine a positive identification of the presence of
any NAT PSCs from these MIPAS observations.

Consider again the lidar backscatter and depolarization expected for STS-NAT par-
ticle mixtures discussed in Sect. 4.2. In this case the observed HNO; depletion is
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50% with Ry < 1.4, and B, <5x 10" °km™ " sr™' for which Eq. (6) indicates a larger
effective radius of 7 um and NAT number density < 1 x 1073 cm™3. The NAT number
density lies at the lower end of the range identified in the simulations by Jensen et al.
(2002) as being most efficient for denitrification (see Sect. 2.3). If we assume that loss
by sedimentation of the largest particles removes 2 ppbv (the excess detected at the
renitrified level) from the initial 14 ppbv total HNO5 abundance, this would still leave
5ppbv locked into the NAT particles, and it follows that we can only explain the low
backscatter measurements by a combination of large NAT particle size and low num-
ber density. PSCs with smaller particle sizes and larger number densities, although
allowed by the below-threshold backscatter measurements, are essentially ruled out
by the HNO5; measurements because they would not contain a sufficient NAT volume
to explain the observed gas phase depletion of HNO;.

An orbit transect, passing through the HNO3 depleted region on 25 May, is shown
in detail in Fig. 7a—j. No large scale PSC occurrence is detected in association with
the central low HNO; region, which extends over ~ 1200 km horizontally (equivalent
to 8 MLS along-track measurement profiles) and 18-22 km vertically (Fig. 7f). Only
patchy LIQ and MIX1 PSCs are detected (Fig. 7j), but the TTE correlates well with the
depleted HNO; (Fig. 7e,f), and much better than with the larger NAT existence region
calculated from the local temperatures (Fig. 7b). For the region corresponding to TTE
greater than 2-days, the HNO; variation with temperature lies between the STS and
NAT thermodynamic curves (Fig. 7d).

Vertical profiles along the same orbit transect discussed above are shown in Fig. 8a—
d to highlight the depletion of HNO3 at 46—32 hPa and the enhancement at 68 hPa. The
CALIOP backscatter measurements are shown without any imposed PSC detection
threshold or classification in Fig. 8a,b and without the spatial coherence constraint to
show their considerable variation, particularly in the noisier perpendicular channel. At
the lower pressures the total backscatter ratios become more evenly distributed about
Ry =1.0, reflecting the fall off in the sulfate background aerosol. Figure 8e—h shows the
total and perpendicular backscatter, HNO; and TTE selected for the pressure range
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46-32hPa. The total backscatter ratio and perpendicular backscatter both show in-
creases at the lowest temperatures, but most of the data are below the detection
threshold.

Selective nucleation of NAT within STS has been proposed by Larsen et al. (2004),
who noted that previous lidar observations (Toon et al., 2000) also indicate that the
liquid particles could evaporate as they are transported downwind of a synoptic-scale
cold region, leaving the solid particles to persist in the warmer region. The 5-day back
trajectories in Fig. 9 demonstrate the transport from the inner vortex, poleward of 82° S,
with GEOS-5 synoptic temperatures on the 475K surface (and 500 K, not shown) indi-
cating prior constant exposure to temperatures 2—4 K below the NAT existence thresh-
old temperature, and conditions capable of limited STS growth.

No dehydration is observed by MLS during this episode, and typical values of H,O
are ~5ppmv. Further denitrification events after this time period are more difficult to
interpret and will require a more extensive modeling investigation, as they take place
in a cooling atmosphere, where uptake in STS starts to prevail and the previously
denitrified air is transported around the polar vortex.

4.5 Development of NAT PSCs in the polar stratospheric belt
4.5.1 Mountain wave detection using AIRS radiances

Figure 10 shows the development of the GEOS-5 temperatures at 40 hPa over the
Antarctic Peninsula region from 19 May-3 June 2008, and the detection of gravity
wave activity near 40 hPa by the AIRS instrument. The gravity wave activity at 80 hPa
(not shown) peaks on the same days as seen at 40 hPa, although in general there are
more days with positive detections at 80 hPa. Moreover, some days with substantial
activity at 80 hPa, particularly on 23 May, show little or no activity at 40 hPa, which
may be related to the AIRS vertical wavelength attenuation. There are two main peri-
ods of gravity wave activity detected at 40 hPa. The first period occurs on 20-22 May,
when the background temperatures indicated by GEOS-5 are near or above the NAT
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existence temperature, and may be the cause of an isolated PSC (not shown) that ap-
pears at 20—22 km over the Weddell Sea on 23 May, which is classified as LIQ with
an overlaying MIX1 layer. The second period of gravity wave activity occurs during
a cooler period on 28-29 May, with synoptic temperatures up to 4 K lower than in the
first period and therefore the chances of mesoscale temperature fluctuations occurring
below the ice frost point are increased. Additionally, individual AIRS scenes were ex-
amined to determine wave amplitudes and phases, and the second period was found
to have larger brightness temperature oscillations. Gravity wave amplitudes of over
10 K against the synoptic temperature background would be required on 28—-29 May in
order to produce cooling of a few kelvin below the frost point, which is expected to lead
to production of ice (Koop et al., 1998).

In general, global analyses (Eckermann et al., 2006) are unable 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 several days (e.g.
28 May) that appear to be correlated with the AIRS detections. Attenuation by the
AIRS vertical response function also precludes a direct estimate of the temperature
wave amplitudes; however, for the AIRS data in 2003, Eckermann et al. (2009) deter-
mined a theoretical vertical wavelength of 12km from the wind speed and used the
calculated wave-attenuation for the 40 hPa detection to estimate a probable lower am-
plitude limit of about 10 K. They argued further that, after taking into consideration the
additional attenuation from data smoothing, the peak amplitudes could be as high as
15 K. Similar considerations apply to the observations shown here and also indicate
that local temperatures over the Antarctic Peninsula were sufficiently low to produce
ice PSCs on 28-29 May.

4.5.2 Evolution and characteristics of the NAT PSCs

On 28 May, in addition to the detection of activity by AIRS (Fig. 10), a gravity wave
feature is clearly seen in the GEOS-5 temperature contours over the Palmer Penin-
sula, and MIPAS first detected ice PSCs at altitudes of 20—23km. The evolution of
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PSCs detected by MIPAS from 28 May—-3 June 2008 and the MIPAS PSC color-ratio
classification scheme (Hopfner et al., 2006b) are shown in Fig. 11 (no data were ob-
tained on 31 May). The PSCs classified as NAT stand out quite markedly against
the background of STS detections, appearing downstream of the Antarctic Peninsula,
clustered at the most northerly latitudes and with maximum cloud opacities occurring
at greater altitudes. At first sight the forward trajectories calculated from the MIPAS
ice locations and times in Fig. 11(d) indicate only marginal evidence for ice seeding,
since just two observations of the MIPAS NAT PSCs were detected at later related
times, contained in a downstream trajectory “corridor” within one day of the initial ice
detections. Most of the MIPAS NAT PSCs were detected several days later at appar-
ently unrelated locations. However, the limitations of spatial and temporal sampling by
a satellite instrument must be factored into the chances of detection of small-scale ice
PSCs associated with their generation in the cold phases of gravity-waves. Although
missing the earlier MIPAS detections of ice on 28 May, CALIOP detected PSCs with
large backscatter and depolarization that were classified as ice types from 30 May—1
June, which were located in regions over the Antarctic Peninsula and the Ellsworth
Mountains. The evolution of PSCs detected by CALIOP at 22 km from 28 May-2 June
2008 is shown in Fig. 12, along with the contours of the NAT existence temperature
and the STS formation temperature calculated from the GEOS-5 temperatures and
MLS H,0O and HNOj. The corresponding HNOj, values observed by MLS are shown in
Fig. 13. The first CALIOP PSCs detected in the polar belt during the 28—-29 May gravity
wave activity are located just downstream of the Peninsula on 28 May (see orbit tracks
10 and 11 of Fig. 12a). Subsequently, MIX2 PSCs are observed in the polar belt in the
altitude range 18-26 km, with a typical vertical extent of 4km and horizontal extents
of up to 1000 km, throughout the next six days of CALIOP observations (no data were
obtained from during 4-9 June).

An example CALIPSO orbit transect through the central PSC region close to the
pole and through the PSC region in the polar stratospheric belt is shown in Fig. 14a—j
for 2 June. Three distinct PSC-containing areas are detected at altitudes 17-22 km in
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the central denitrified region (Fig. 14j), two composed mainly of the LIQ type and one
composed mainly of MIX1 with a much smaller area of MIX2 and LIQ. At lower altitudes
14—-17 km, below the central region, MIX1 PSCs are detected extensively in a thick layer
covering an along track distance of 800 km, and there is evidence of renitrification at
15km (Fig. 14f). The HNO3 uptake by the liquid particles and many of the MIX1 class
follow the STS equilibrium curve (Fig. 14c,d), as does the temperature variation of the
HNQO; distribution in the region corresponding to TTE greater than 2-days but excluding
the detected PSCs (Fig. 14d,e). The large-scale PSC in the polar stratospheric belt is at
an altitude of 19—24 km, mainly composed of the MIX2 type with some MIX1 detected
at the cloud edges and below. The TTE associated with the MIX2 PSC is less than
2-days. The HNO; uptake associated with the MIX2 PSC (Fig. 14d) shows a large
variation and is skewed towards the NAT equilibrium curve. There is little residual gas
phase HNOj in the center of the MIX2 PSC region (Fig. 14f), but below the MIX2 PSC
we do not see an extensive MIX1 region.

Vertical profiles along the CALIPSO orbit transects are shown in Fig. 15a—d that
highlight the highly depolarizing nature and large HNO3; uptake by the MIX2 PSCs at
temperatures 4-8 K above the frost point. Figure 15e—h shows the total and perpen-
dicular backscatter, HNO5; and TTE selected for the pressure range 46—-32 hPa. Exam-
ination of the total backscatter (Rr ~2.5-3.5) and perpendicular backscatter (3, ~ 35—
55x 107° cm_3) show both to be high for this NAT cloud, compared to typical Type la
NAT PSCs, which indicates a relatively small NAT particle size distribution and high
NAT number density. We estimate that r, ~ 0.5-1pm and N >0.2 cm™2 from Eq. (6)
(see also Fig. 4a,c,e).

Correspondingly, we associate this MIX2 PSC with the Type la enhanced classifi-
cation described by Tsias et al. (1999) and the wave-induced PSCs detected by Hu
et al. (2002). Such PSCs are characterized by formation by a mountain-wave mecha-
nism and with a composition closer to NAT thermodynamic equilibrium than the more
prevalent Type la clouds associated with synoptic-scale freezing. PSCs with similar
characteristics were discussed by Toon et al. (2000), who also noted that smaller NAT
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particle sizes tend to form following a recent cooling, within a day or so, to temperatures
below the NAT existence threshold. They contrasted this formation scenario with that
commonly observed for the larger NAT particle sizes, which tend to form only following
exposure for a few days to temperatures below the NAT threshold. Many of the MIX2
PSCs observed during the period from 28 May-3 June in the polar belt have similar
characteristics. Additionally, some MIPAS PSC classifications in Fig. 11 show high val-
ues for the NAT spectral parameter, RR > 1.0, which indicates the presence of NAT
with mean particle radii < 1 um (Hopfner et al., 2006b). These observations indicate
a nucleation process at play that activates a substantial fraction of the available nuclei.
Lacking a sufficiently HNO4 rich environment because of the uptake by a large number
of small NAT particles, further growth may be inhibited in these MIX2 clouds, thereby
preventing rapid sedimentation (see Sect. 2.3).

Figure 16 shows composite orbit plots for the CALIOP PSC classifications and HNO4
distribution corresponding to locations of the PSCs detected for the period 28 May—3
June at 22 km. An additional CALIOP PSC classification has been generated to denote
the sub-class of NAT-enhanced PSCs (NATE) identified by Tsias et al. (1999). Our
definition corresponds to depolarization, 6 > 0.2 (Adriani et al., 2004) and backscatter
ratio, 5 > Ry > 1.67. Pitts et al. (2011) described a similar extension to their original
PSC classification scheme. Most of the MIX2 PSCs in the polar belt in Fig. 16 are
seen to fall into the NATE category. The depolarization vs normalized backscatter of
all the CALIOP PSCs detected from 28 May—3 June 2008 are shown in Fig. 17. As
noted previously in Sect. 4.1, a constraint was added to ensure that only PSCs with
significant perpendicular backscatter are accepted into the MIX1 class. This results in
a broader range of the noisy positive depolarization values that are placed in the LIQ
classification at lower total backscatter.

In order to investigate further the potential for ice seeding of NAT clouds and their
development downstream from the region of initial ice formation, forward trajectories
were calculated starting from the locations and times that the CALIOP PSCs classi-
fied as ice were detected over the Palmer Peninsula on 30 May and 1 June and the
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Ellsworth Mountains on 31 May and 1 June. These trajectories are found to enclose
the region downstream where the MIX2 PSCs are detected from 31 May—3 June. On
2 June the northward locations of the MIX2 PSCS are particularly well bounded by the
these forward trajectories (see Fig. 16) compared to the much wider demarcation area
of the NAT existence temperature (see Fig. 12f).

Pitts et al. (2011) determined that wave-ice clouds can be identified through the
presence of very large backscatter ratios (R > 50), which also show lidar color ratios
in the range 0.25-0.35, indicating high ice particle number densities and small particle
radii 1-1.5 um. The horizontal averaging used in our investigations leads to a reduction
in the apparent peak backscatter for PSCs with a horizontal extent much smaller than
50km. Analysis of the higher resolution 5 km data (not shown) confirms that the ICE
type PSCs with high backscatter detected using the 50-km gridding during this time
are further classified as wave-ice.

As already noted above, most of the MIPAS NAT detections are not trajectory time-
correlated with the initial MIPAS ice detection on 28 May. However, as we see from the
geographic distributions in Figs. 11d and 16c, there is a good overall correspondence
in the times and locations of the MIPAS NAT and CALIOP MIX2 detections and with
the trajectory “corridor” formed by the CALIOP ice trajectories. Back trajectories were
calculated from the locations and times of observations of the MIX2 clouds on 28-30
May and these also indicate passage over the Palmer Peninsula.

Several of the MIX2 PSC detections in the polar belt that are located well away from
the Antarctic Peninsula show temperature histories such as those in Fig. 18, where the
air parcels undergo a temperature cycling of 5K peak to peak over a period of about
two days following the passage over the Peninsula. The lowest synoptic temperatures
are only 2-3 K above the frost-point and so readily decreased below 7,g by mesoscale
fluctuations. Also of note is that although the temperature cycling sometimes exceeded
the NAT existence threshold, the MIX2 PSC either survived melting or reformed further
downstream. Other examples of MIX2 PSCs detected in locations closer to the Antarc-
tic Peninsula have experienced little exposure to synoptic-scale temperatures less than
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5K above the frost point. The back trajectories for the example in Fig. 19 indicate visi-
ble temperature fluctuations during the passage over the Antarctic Peninsula, less than
one day earlier than the MIX2 PSC observation by CALIOP, which corresponds to the
time of increased wave activity detected by AIRS. As discussed in Sect. 2.3 the actual
temperature wave amplitudes are probably much larger (> 10 K).

CALIOP operations were suspended during 4-9 June, and after data collection re-
sumed on 10 June MIX1/MIX2 PSCs occupied a longitude region extending over the
western half of the continent. The vortex temperatures were considerably lower, and
although in the central vortex they were below the ice formation threshold, LIQ was the
prevalent PSC class and ICE was not detected until 14 June. MIX2 PSCs continued to
be detected sporadically in the polar belt and denitrification of the vortex became more
extensive. A second episode of formation of MIX2 PSCs in the polar belt is clearly
evident during 21-23 June in the CALIOP data.

5 Conclusions

Combined observations from the A-Train instruments CALIOP and MLS were used to
investigate the development of PSCs through lidar backscatter signals and to deter-
mine their effects on the gas phase nitric acid distribution during the early Antarctic
winter in May—June 2008. Our results illustrate the benefits of combining these mea-
surements, which provide better temporal and spatial coincidences for PSC and gas
phase measurements than previously achieved from instruments operating on differ-
ent satellite platforms. Observational evidence of gravity-wave activity was provided by
Aqua AIRS radiances, and infrared spectroscopic detection of NAT-containing PSCs
was obtained from EnviSat MIPAS. GEOS-5 analyses were used to derive Lagrangian
trajectories and to determine temperature-time histories of air parcels.

We used CALIOP backscatter and depolarization measurements to classify PSCs
and the MLS measurements to determine the corresponding gas phase HNO; as
a function of temperature. The observed uptake of nitric acid in liquid and solid PSCs
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was compared to model calculations assuming equilibrium thermodynamics. For liquid
PSCs the uptake of HNO4 follows the theoretical STS equilibrium curve (Carlsaw et al.,
1994), but at temperatures about 1K lower as determined from GEOS-5. The deple-
tion of the gas phase HNO; by solid PSCs (classed as MIX1/MIX2) occurs over a wider
range of temperatures (+2 to -7 K) distributed about the NAT equilibrium curve.

Optical properties of external mixtures of STS and NAT PSCs, calculated using Mie
theory and T-matrix methods, were used to simulate the temperature dependence of
the expected backscatter signals and HNO4 gas phase uptake for a range of NAT par-
ticle size distributions and number densities. Large NAT particle PSCs at low concen-
trations can sequester a significant fraction of HNO5 from the atmosphere causing gas
phase depletions that can be detected by MLS, but the PSCs may not yield detectable
increases above the CALIOP lidar threshold.

The first appearance of denitrification in the Antarctic during 2008 occurs close to the
South Pole prior to the formation of ice PSCs. Rapid gas phase HNO; depletion 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 pressure level. It appears to be related to slow synoptic-scale cooling
in the inner vortex, which led to the formation and growth of low number density (<
1x1073 cm'3) large-size NAT particles (effective radii > 5—7 um). Temperature-time
histories of air parcels were used to demonstrate that the depleted HNO; region is
more clearly correlated with exposure to temperatures less than 5K above the ice
frost point for a duration greater than 1.5 days than with either the region bounded by
the NAT existence threshold (T < Tyar) or the region of minimum temperatures close
to Tg1g. We infer a large particle radius from the estimated sedimentation rate, which
caused the vertical redistribution of HNO5 from the 32—46 hPa pressure levels to 68 hPa
in less than four days. This denitrification event is observed in the central region of the
Antarctic vortex close to the pole, before synoptic temperatures first fall below the ice
frost point.
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We have investigated an outbreak of large-scale NAT PSCs in the polar freezing belt
in an episode of early Antarctic winter behavior similar to that originally observed by
MIPAS in mid-June 2003 (Hopfner et al., 2006a; Eckermann et al., 2009). Small particle
NAT PSCs with estimated effective radii of around 1 pm and high NAT number densities
>0.2cm™ were observed forming at altitudes 18-26 km downstream of gravity-wave
activity and ice formation over the Palmer Peninsula and Ellsworth Mountains starting
from 28 May 2008 and extending until at least 3 June 2008. These NAT PSCS are
clearly identified from the high backscatter and depolarization detected by the CALIOP
lidar (Pitts et al., 2011) and represent a distinct sub-class of Type la PSCs previously
described by Tsias et al. (1999) and Hu et al. (2002). The MIPAS data were used to
show that the PSCs in the polar belt also show a characteristic 820 cm™' NAT infrared
spectral signature (Hopfner et al., 2006b). Forward trajectory calculations from the
times and locations of the ice detections by MIPAS and CALIOP indicated origination
of the NAT clouds via ice-seeding in the rapid cooling phases of gravity waves that were
identified by the AIRS instrument to be active over the Palmer Peninsula starting from
28 May 2008.

The combination of CALIOP and MLS observations over several years provides more
extensive temporal and spatial data for aerosols, HNO3, H,O, and O3, and other impor-
tant species such as HCI and CIO, than previously available. These near-simultaneous
measurements provide a unique opportunity to capture the various stages of PSC de-
velopment in relation to the interactions of the ambient temperature, temperature ex-
posure history, and gas phase species during the PSC life-cycle. This work presented
case studies showing correlations of the HNO; depletion with the spatial distribution of
the temperature threshold exposure. We intend to undertake a statistical study of the
formation of PSCs and the evolution of denitrification events in the vortex which should
provide a stringent examination of the effects of temperature history on NAT formation.
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Fig. 1. (a) Example of a complete day of orbit tracks over Antarctica. The colocation origin
is the closest approach of the orbit track to the South Pole. The satellites cover a distance
of 1800 km in 4 min, and during this time MLS makes 11 limb scans and CALIOP fires 4800
laser shots. (b) Height vs. along-track data analysis grid (red dots). The horizontal and vertical
spacings are 50 km and 0.5 km, respectively. The majority of the MLS species, including HNO3,
are retrieved at a lower vertical resolution (6-levels per decade in pressure, green lines) than
are temperature, H,O and O (12-levels per decade, blue and green lines).
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Fig. 2. Distribution of aerosol depolarization vs. normalized backscatter for the period 11-30
June 2008, showing the PSCs identified by CALIOP at an altitude of 20-22 km (near the MLS
32 hPa retrieval level). The color bar indicates the number of observations per bin, with red
hues being high and purple hues low. Solid lines mark the boundaries of the CALIOP PSC
classification scheme.
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Fig. 3. Fraction of positive PSC detections compared to all CALIOP observations as a function
of temperature relative to the ice frost point for the PSC types classified in Fig. 2, MIX1 (green
line), MIX2 (yellow line) LIQ (cyan line) and ICE (blue line). The sum of the detections of all
four PSC types (red line) is also indicated.
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Fig. 4. Temperature variations relative to the frost point of (a,b) total backscatter ratio, (c,d)
perpendicular backscatter, and (e,f) total uptake of HNO3 by STS and NAT particles expressed
as the fractional remaining gas phase HNO;, according to the microphysical model of NAT/STS
mixtures for different NAT particle number densities in the range 107 to 1cm™ and effective
radii of 1-um and 6-um. Dotted lines indicate detection thresholds of (a,b) £y = 1.25 and (c,d)
B, =25x10"km " sr™'. Dashed lines show the NAT equilibrium curves. Lines are colored
according to the corresponding NAT number densities. Two contrasting scenarios are high-
lighted, with both causing significant gas phase HNO; depletion: the triangle symbols (a,c,e)
denote a small particle/high number density combination and the square symbols (b,d,e) de-
note large particle/low number density combination. An aspect ratio of 1.2 was used for the
T-matrix calculations except for the cross symbols, which used a value of 0.8.
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Fig. 5. Composite statistics for 11-30 June 2008, of the MLS gas phase HNO; variation with temperature corre-
sponding to the PSC types classified in Fig. 2. (a) scatter plots of HNO3; against the temperature deviation from the
frost-point (T —T\cg) for PSCs classified as LIQ (cyan) and ICE (blue). (b) as for (a) except for MIX1 (green) and MIX2
(yellow). Equilibrium STS (cyan-black dashed) and NAT (yellow-black dashed) curves show the theoretical uptake of
HNOj. (c) temperature histograms for HNO5 mixing ratios greater than 1 ppbv for each PSC type. Data in the ice
classification are not subject to this constraint. (d) temperatures transformed (7 -Tgq) according to the equilibrium
curves (STS curve applied to the liquid (LIQ) classification) and NAT curve to the MIX1 and MIX2 classifications. ICE
histogram remains unchanged for comparison.
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Fig. 6. Orbit plots showing the evolution of HNO3, temperature and PSC detections over a three-day period 23— 2 _
25 May 2008. (a) MLS 46 hPa (20 km) HNO5. (b) MLS 68hPa (18 km) HNO5. (c) Temperature relative to the ice %
frost point, AT =T —T,cg, (yellow-black and cyan-black dashed contours indicate the Ty threshold and Tgrg formation S _
temperatures, respectively). (d) Temperature threshold exposure in days (TTE) for T-T\cg < 5 K on the 46 hPa pressure Q')U
surface. (e) MIPAS PSC top heights (open grey squares are MIPAS observations without PSC detections and small =
3

black dots show the Aura orbit tracks). (f) CALIOP PSC top heights (small black dots are CALIOP observations without
PSC detections). 29343
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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 HNOj3 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 pole. (b)
Temperature relative to the frost-point (T —T\cg). (c) Temperature distribution of MLS HNO; corresponding to the
CALIOP identified LIQ (cyan) and ICE (blue) PSC types (d) as (c) except for MIX1 (green) and MIX2 (yellow) PSC
types and additionally for TTE > 2 days (purple). (e) Temperature threshold exposure (TTE) in days. (f) MLS HNO;.
(g) Measurement latitude (blue) and longitude (green). (h) CALIOP total backscatter ratios. (i) Observation times.
(j) PSC type classification with additional background shading for TTE > 2 days (purple). Cyan-black and yellow-black
dashed lines in (c,d) indicate the equilibrium curves for STS and NAT, respectively. Red-black dashed contours indicate
the 12 ppbv HNOj isopleth and yellow-black dashed contours in (b,h) indicate the Tyt threshold temperature.

29344

Jadeq uoissnosiq | Jeded uoissnosiq | Jadedq uoissnosiqg | Jeded uoissnosiq

ACPD
11, 29283-29356, 2011

A-train PSCS and
HNO,

A. Lambert et al.

00


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/29283/2011/acpd-11-29283-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/29283/2011/acpd-11-29283-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10 10 (b)
s
E
2
El
8
~
100 100f
0.4 -4
10 10 (d)
s
2
s
=)
100F 100F
5 0
20 10
D
15F L6
g4 :
= 10 Z 2 0 —
S 9 %3 SRy oo
2 —
05 S ¥
0.0 -4
20 2 4 6 8 10 12
T- T (K)
20 5 ()
~ I5F -4 %:.
2 2 %
2 &
& 10f g3 ’g"
g @, %
E = [
g s = LA
0 ! S
0 %
2 0 2 4 6 8 10 12 20 2 4 6 8 10 12
T-T..(K) T-T.(K)

Fig. 8. Upper panels (a—d): Vertical profiles of (a) total backscatter ratio, (b) perpendicular
backscatter coefficient, (¢) MLS HNO4, (d) temperature relative to the frost-point (T — 7 \cg).
Lower panels (e—g): Scatter plots against temperature relative to the frost-point for quantities
on the combined 46 and 32 hPa pressure surfaces, where (e—g) are for the same quantities
shown in (a—c). (h) Temperature threshold exposure (TTE) for T —7,cg < 5K (in days). Data are
color coded according to their location along the orbit track given in Fig. 7i. CALIOP data are
shown without an imposed PSC classification and MLS data are shown in (c,g) at their original
retrieved resolution without interpolation. Thin solid black lines indicate backscatter ratios of 1.0
and 1.25 in (a,e) and perpendicular backscatter values of 0 and 2.5x 10°°km™" sr™" in (b,f),
respectively. The curved line in (b) shows the calculated perpendicular backscatter arising from
molecular scattering, which has been subtracted from the observed perpendicular backscatter.
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Fig. 9. Trajectory analysis of locations identified as depleted in HNO; (less than 9ppbv) on
the MLS 46 hPa pressure surface over the Ross Sea on 25 May 2008. Isentropic back tra-
jectories are shown for 475K (40 hPa) for a five day integration time and show that the likely
origin overlies the inner vortex over the South Pole. The corresponding GEOS-5 synoptic-scale
temperature analysis time histories show constant exposure to conditions 2—4 K below the NAT
existence threshold temperature (yellow-black dashed line) and some experiencing tempera-
tures below the STS formation temperature (cyan-black dashed line).
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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 (solid
black contours are at 2 K intervals) and highlighted contours show the existence threshold tem-
perature of NAT (approximately T\ce +7.5K, yellow-black dashed) and formation temperature
of STS (7T\ce +3.5K, cyan-black dashed).
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Fig. 11. Geographic distribution and spectral color-ratios of PSCs detected by MIPAS from 28 May-3 June 2008.
(a) MIPAS PSC type classification (Cl < 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 to (a). The
region R1 contains NAT clouds (red square symbols) with mean particle radii < 3um and well-defined NAT spectral
signatures. R1 is separated from the other regions (R2—4) by a functional form (solid black curve) given by Hopfner
et al. (2006b). Dashed lines show the regions most likely to contain ICE (R3 (blue), Cl < 1.3) and STS (R4 (cyan),
1.7 < 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) Altitudes corresponding to maximum cloud opacity for the data in (a). (d) MIPAS
PSC type classification for solid types only (R1 and R3). Forward trajectories on the 500K 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 color scales in (c,d) indicate the PSC observation times and the time along the trajectories.
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Fig. 12. Geographic distribution of the CALIOP PSC types detected at an altitude of 22km
from 28 May-2 June 2008. Highlighted contours are the NAT existence threshold temperature
(approximately T,cg + 7.5 K, yellow-black dashed) and STS formation temperature (T\c¢ + 3.5K,
cyan-black dashed) calculated from the GEOS-5 temperatures and MLS HNO; and H,O at
32hPa. 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. 15. As Fig. 7, but for orbit track 12 on 2 June 2008 (see Figs. 12f and 13f). Note scale

changes in (a,b,e,f) from Fig. 8.
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Fig. 16. Geographic distribution of CALIOP and MLS data at an altitude of 22km for the
period 28 May to 3 June 2008. (a) CALIOP PSC classification for solid types only including the
enhanced-NAT sub-category (NATE (red)). (b) MLS HNO; corresponding to the PSC locations
in (a), typical unperturbed values would be ~ 12ppbv. (c¢) Forward trajectories on the 500K
potential temperature surface were launched from the locations shown by the diamond symbols
at the times when PSCs classified as ICE types were detected. (d) 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.
Only MIX2 PSCs (including NATE) are shown for clarity in (c¢,d), and the color scale indicates
the PSC observation times and the time along the trajectories. A dashed latitude circle at 82° S
indicates the limit of the CALIOP and MLS observations.
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Fig. 17. Scatter plot of the depolarization vs. normalized backscatter for the period 28 May-3
June 2008, showing the PSC types identified by CALIOP, including the enhanced-NAT sub-

category (NATE (red)) at an altitude of 20-22 km.

29354

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

ACPD
11, 29283-29356, 2011

A-train PSCS and
HNO,

A. Lambert et al.

: III III


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/29283/2011/acpd-11-29283-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/29283/2011/acpd-11-29283-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

O
(72}
2 ACPD
@,
e 11, 29283-29356, 2011
Ny
©
< A-train PSCS and
_ HNO,
O A. Lambert et al.
3
=
&
2
.
R
- EEEE SR
O
(=
(2}
29 31 02 04 ; 1IN I
May  May  Jun  Jun e o
Fig. 18. Back trajectories calculated for the 500K isentropic level for a MIX2 PSC detected _
along orbit track 12 on 2 June 2008 (see Figs. 12f and 13f) in the polar stratospheric belt O
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Fig. 19. As Fig. 18 but for a MIX2 PSC detected along orbit track 9 on 29 May 2008 (see

Figs. 12b and 13b) .
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