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Introduction.

As part of the CEC funded research project "Multi-Instrument Investigation of Polar Stratospheric
Cloud Formation and Heterogeneous Chemistry Involved in Stratospheric Ozone Depletion”
(POSTCODE, contract ENV4-CT97-0541) Dr. Niels Larsen, DMI, has been working at CNR-IFA
in the period 23 June — 17 July, 1998. The objective of the visit has been to initiate analysis of
Antarctic lidar observations of Polar Stratospheric Clouds (PSC) by means of microphysical model
simulations, based on temperature histories from isentropic air parcel trajectory calculations.

Background.

Polar stratospheric clouds play a mandatory role for stratospheric chemical ozone depletion in early
spring. Heterogeneous chemical reactions on the surfaces of the cloud particles convert inactive
chlorine compounds into potential ozone destroying radicals. Secondly, by the particle uptake of
HNO; and H,0 and gravitational sedimentation of the largest cloud particles, reactive nitrogen and
water is irreversibly removed from the altitudes where the clouds form (denitrification and
dehydration). Denitrification prolongs the lifetime of halogen radicals and thereby increases the
ozone depletion. The heterogeneous chemical reaction rates depend on the particle surface area,
particle composition and physical phase, and an efficient denitrification depends specifically on
processes leading to the formation of a small number of relatively large solid PSC particles. In order
to perform a more accurate modelling of stratospheric ozone depletion, details of the microphysical
processes involved in PSC formation must be known. However, many uncertainties remain, in
particular regarding the phase transformations between liquid and solid PSC particles and the
formation of large solid particles.

The initial stages of PSC formation are of particular interest since this provide the opportunities to
study the important processes of phase changes. In the Arctic winter temperatures hover around the
thresholds for PSC formation and thereby PSC are often observed in the initial states of formation
throughout the winter. In contrast, Antarctic winter stratosphere temperatures are lower and the
evolution in PSC formation from the initial stages, characterised by mixtures of liquid, solid and



perhaps metastable solid phases, into more mature and aged PSCs, characterised by solid particles,

can be studied.

Lidar measurements.

The CNR-IFA possesses a comprehensive database of PSC lidar observations from the Antarctic
McMurdo station from all winters since 1991. Lidar measurements (wavelength 532 nm) are
particularly suited to study phase changes among atmospheric particles since solid particles, in
contrast to liquids, give rise to depolarisation of the backscattered laser signal and thereby
information of the physical state of the particles. The aim of the work has been to identify cases
among the observations of PSC occurrences in the early winter season with clear signatures of
mixtures of liquid and solid particles.

Cases from the winter 1996 and 1997 have been identified in the lidar database, which show
mixtures of liquid and solid particles. The dates of observation of these first studied cases appear in
the table together with the altitudes where backward isentropic air parcel trajectories have been
provided from the NASA GSFC automailer trajectory model.

Case # Date, time (UT) Altitude (km) Pot. Temperature (K)
1 960702-23.00 14.5 378
2 - 17.3 415
3 - 20.0 470
4 - 22.0 525
5 960703-06.30 14.5 370
6 - 23.0 570
7 960704-01.00 12.2 350
8 - 17.0 410
9 - 23.0 570
10 960705-01.30 14.0 370
11 - 17.0 410
12 - 24.0 530
13 960724-01.30 16.3 400
14 - 25.0 650
15 970620-02.05 17.6 420
16 - 20.0 470
18 - 22.5 535
19 970622-07.40 17.0 408
20 - 22.0 515
21 970624-00.40 18.0 430
22 - 21.5 505
23 - 23.6 575
24 970629-00.05 16.0 402
25 - 175 422
26 - 21.0 495

The vertical profiles of total backscatter ratio and contributions to this from liquid and solid
particles appear in Figure 1. All cases have been analysed by the 2™ version of the DMI
microphysical PSC simulation model, using the provided temperature histories.
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Figure 1. Vertical profiles of total backscatter ratio (dashed) and contributions to this from solid (thick
line) and liquid particles (thin line). The observations have been used in the microphysical analysis.



Microphysical PSC model.

The microphysical model (Larsen, 1991) calculates the temporal evolution of particle size
distributions and chemical composition in an ensemble of liquid and frozen stratospheric aerosols
and polar stratospheric clouds. Basically, two types of stratospheric particles are modelled by this
model: liquid and solid particles. The liquid particles are stratospheric sulfate aerosol particles
which, at low temperatures, take up HNO; and H,O by condensation, changing the composition into
supercooled ternary solutions (STS; HNO3/H,SO4/H,0), also referred to as type 1b PSCs. The
model allows for simulation of non-equilibrium uptake of HNOj in fast cooling/heating events (e.g.
mountain lee-waves), employing a radius dependent chemical composition of the particles. The
solid particles are grouped into three categories, depending on the chemical composition. The
available water in each solid particle is assumed to be bound by 4 H,O molecules to each one
H,SO, molecule, forming sulfuric acid tetrahydrate (SAT), and by 3 H,O molecules to each one
HNO; molecule, forming nitric acid trihydtate (NAT). Any H,O molecules left not bound in
hydrates, are assumed to form water ice (excess ice). Particles with excess ice are classified as type
2 PSCs. Particles with no excess ice but holdning HNO3z; (NAT) are classified as type la PSCs.
Particles with no excess water and no HNO3z; (NAT) are classified as solid stratospheric aerosols
(SAT particles).

The model takes as input the ambient air state variables: temperature, pressure, partial pressure of
water vapor, and partial pressure of nitric acid vapor. The partial pressures are changed according to
the evaporation/condensation taking place. The model calculates the time dependent radius and
physical phase of each particle type, holding the number of particles per kg. air in each radius class
fixed (Lagrangian approach in radius space). The mass of condensed H,SO4, HNO3, and H,O per
particle (chemical composition) is calculated in each radius class due to condensation/evaporation,
assuming a constant H,SO,4 content.

Currently, the freezing mechanism of ternary solutions is unknown. In the model homogeneous
volume dependent freezing of HNO3/H,O supercooled solutions is assumed (Tabazadeh et al.;
1997; Larsen et al., 1997; Larsen and Knudsen, 1998). Any frozen particles are assumed to melt
when the air temperature is above the SAT melting temperature. SAT particles are assumed to
dissolve upon cooling when the condition reach an HNO3/NAT saturation ration larger than 15,
followed by HNO3 condensation to form NAT and type 1a PSC particles (cf. Iraci et al., 1998).

An optical model is used to calculate the particle volume backscatter coefficient (at 532 nm) and
extinction coefficient (at 1 micron) of spherical particles, characterized by a differential size
distribution, as calculated by the microphysical model (Larsen, 1992). The particles are assumed to
be characterised by the refractive index (real part) of STS (Luo et al., 1996; U. Krieger, personal
communication, 1998).

A number of problems have been identified when applying microphysical model analysis of the
lidar observations, based on isentropic backward temperature histories. In several cases the
temperature histories do not hold information on the possible freezing processes which have taken
place prior to the lidar observations. This is mainly when temperatures have stayed in the range
between the NAT condensation temperature and the ice frost point throughout the 7 days of
backward trajectory calculations. In other cases the trajectory temperatures appear to be too high for
PSC particles to exist although observed by the lidar. Another problem in this type of analysis is the
assumed gas phase concentrations of water and nitric acid. The homogeneous freezing rate depends
strongly on the H,O partial pressure (Larsen and Knudsen, 1998), and the growth of STS particles
(type 1b PSCs) is also strongly dependent on the amount of HNO; in the gas phase. In the
simulations carried out in this initial study, Antarctic UARS nitric acid vapor profiles from
1995/1996 have been applied. Several observations show a “sandwich” vertical structure with a 1-2



km thick layer of dominantly liquid particles, appearing typically around 17-18 km altitude and
surrounded above and below by solid particles. The liquid particle layers often appear to originate
as intrusions of air from outside the Antarctic polar vortex, possibly carrying more water vapor than
observed inside the vortex edge, making the analysis more difficult. A number of the cases which
initially have studied will be described in the following.

Case studies.

On 2 July 1996 the lidar profile shows a liquid/solid mixture of predominantly solid particles at
14.5 km (378 K pot. temp.; case 1) and liquids at 17.3 km (415 K pot. temp.; case 2), cf. Fig 1,
upper left panel. The results of the microphysical simulations are shown in Fig. 2 and 3 and will be
used, first to give a description of the model output and also to discuss some of the difficulties in
the analysis, using backward trajectories.

In the following all figures are of the same type, showing various model-calculated variables in 6
panels. The upper left panel shows the temperature (black), NAT condensation temperature
(green), and ice frost point temperature (blue). The condensation temperatures are calculated
corresponding to the actual gas phase concentrations. When condensation takes place and removes
HNO; and H,O from the gas phase, Tnar and Tic decrease and become equal to the air temperature
when NAT, respectively ice particles, are in equilibrium with the gas phase. The middle left panel
shows the saturation ratios over NAT (green) and ice (blue), and the lower left panel shows the gas
phase mixing ratios of HNOs (green) and H,O (blue). The upper right panel shows the radius of
particles in each size class, red curves for liquid and blue curves for solid particles. The middle
right panel shows the volumes of different types of particles: red: STS type 1b PSC (sulfate
aerosols); green: solid type 1a PSC; blue: solid type 2 PSC, yellow: solid SAT particles, and black:
total volume. The lower right panel shows the nitric acid weight fractions in the different size
classes (black), the volume averaged nitric acid weight fraction (blue), and volume averaged
sulfuric acid weight fraction in all particles.

The temperature histories leading to freezing of particles around day 179-180 are nearly the same in
cases 1 and 2 with no melting after freezing (Fig. 2 and 3). The freezing mechanism must be size
selective since the lidar observations show mixtures of liquids and solids; mostly solid particles at
378 K potential temperature (14.4 km) and mostly liquid particles at 415 K (17.3 km). The
simulations show the same features with ice particle formation out of a relatively large fraction of
the liquids at 378 K and only formation of a small number of solids at 410 K. This leaves behind a
large fraction of liquid STS particles at the time of observation, where the particles take up most of
the nitric acid from the gas phase, growing to liquid volumes more than 1 micron®/cm®. The
backscatter ratio of these liquid particles is calculated to 2.2 in good agreement with the
observations. The results are strongly dependent on the assumed H,O mixing ratio. If the assumed
H,O mixing ratio is lowered from 7 to 6 ppmv at the 378 K level no freezing takes place. Also at
the 415 K level are the results strongly dependent on the assumed H,O concentrations. The reason
that only a small fraction of the liquids freeze is due to the temperatures decreasing only slightly
below the threshold for freezing. If the H,O concentrations were raised to 6 ppmv all particles
would freeze, leaving behind a fully developed type 2 cloud at the end which, on the other hand, is
not in agreement with the observations. Finally, it should be mentioned that the few solid particles
observed at the 410 K level could be explained by infall from layers above.
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Fig. 4 shows that the simulations are strongly dependent on the accuracy of the temperatures. In
these simulations the 378 K level temperatures have been overlaid by a sinusoidal temperature
oscillation with a period of 0.5 day and an amplitude of 1 K. In this case the solid particles develop
a broader size distribution with a larger number of smaller type 1a PSC particles. These particles are
able to take up HNO3 by condensation much faster than the relative large particles in the Fig. 2
simulation, and a fully developed NAT cloud appear.
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Another interesting example of observation/simulation (4 July 1996, case # 8) is shown in Fig. 5. In
this case the lidar measurements show a 2 km broad layer around 17 km with clear mixed
liquid/solid particles surrounded by solid particles above and below, cf. Fig. 1, upper right panel. In
this case the freezing probably took place shortly (less than one day) before the observations which
are obtained at very low temperatures. Again, in order to freeze only a fraction of the liquid
particles the water vapor concentration must be adjusted so that the temperatures are just slightly
below the threshold for freezing. If the H,O concentrations were slightly higher, all particles would
freeze into a fully developed type 2 PSC in contrast to observations, and for lower water
concentrations no freezing would take place. Since the solid particles are observed at very low
temperatures, presumable below the ice frost point, without significant growth into a fully
developed NAT or ice cloud this observation might indicate a situation where freezing of STS turns
these particles into a metastable dilute solid solution as a transition state to more stable type la
NAT particles.
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Fig. 6 shows a simulation of case #13 (24 July 1996) where the lidar measurements (Fig. 1, middle
left panel) indicate mostly solid particles in a broad layer between 12 and 18 km and liquid particles
above. The simulation shows that freezing probable took place not more than 2.5 days before
observation. A fully developed NAT cloud with only a small amount of liquid volume left behind is
seen at the end of the simulation in good agreement with the observations. It should be noticed that
at the app. 4 K lower temperatures around day 204.75 the liquid particle volumes increase above the
background and thereby also increase the liquid backscatter. This shows the potential for observing
small amounts of liquid particles in a fully developed NAT cloud if the measurements are obtained
at sufficiently low temperatures.

Finally, a sequence of observations at nearly the same altitude during a relatively short period in
June 1997 will be discussed (cases 15, 19, and 21) with simulation results shown in Figures 7, 8,
and 9. The observations on 20 June show a 2-3 km thick layer around 17 km altitude with
dominantly liquid particles (Fig. 1, middle right panel). The observations on the following days (22
and 24 June) show a gradual change into dominance of solid particles at this altitude (Fig. 1, lower
panels). This feature is also well represented in the simulations using the same HNO3; and H,O
mixing ratios in the three cases (Fig. 7, 8, and 9). What is more interesting is that the temperature
development around the time of freezing is nearly the same in all three cases, but the subsequent
temperature development thereafter shows a gradual change. In the 20 June case the temperatures
rise close to or perhaps above Tnar (depending on the assumed HNOs; mixing ratio) where the
temperature in the other two cases tend to stabilize between Tyar and Tice. The reason that only a
small fraction of the particles freeze in the 20 June simulation could be a coincidence since the
temperature just barely goes below the threshold for freezing and this may not reflect the real
processes. Instead, a large fraction of the particles could have frozen at the minimum temperature in
all three cases. However, in the 20 June case, with dominantly liquid particles, the temperatures
could have raised above Tyar, evaporating the NAT and leaving behind a SAT particle. In the
subsequent cooling SAT may be unstable against melting and turn into STS as expected from
thermodynamical models (Koop and Carslaw, 1996). This scenario is gradually less probably for
the situation in the following days and a larger fraction of the solid particles may remain as
observed. The situation on 20 June is also interesting in the sense that the NAT saturation ratio
raises above 15. According to laboratory measurements (Iraci et al., 1998), this condition is required
to initiate the SAT dissolution into STS, but presumably followed by a gradual nucleation of NAT
out of the STS solution, again forming type 1a PSC particles.
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Summary.

Work has been initiated to identify cases among lidar observations from the Antarctic McMurdo
station, showing PSCs in the state of liquid/solid phase transformations. Microphysical simulations
of these situations will add substantial knowledge about the unknown but important details of
freezing and melting upon cooling among PSC particles. This work is intended to be continued
during the POSTCODE project. In particular, focus in the subsequent work should be directed into
cases showing:

» observations with liquid/solid particle mixtures at very low temperatures and clear signatures in
the trajectories of recent freezing (less than 1-2 days before observations), possibly generating
solid PSC particles in a metastable state as possible indicated in case no. 8, Fig. 5.

» observations where the trajectories have indicated that freezing presumably have taken place
within one week before observation, followed by temperature increases above Tnar, and
subsequent cooling as possibly indicated in case 15, Fig.7. These cases could be used to study
the important processes of phase transformation among SAT particles, possibly leading to STS
particles upon cooling or nucleation of NAT type 1a PSC particles.

A more substantial set of cases of these types will be of high value for improvements of the
microphysical modeling of PSCs.
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