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Nonequilibrium coexistence of solid and liquid particles
in Arctic stratospheric clouds

J. Biele,’? A. Tsias,>** B. P. Luo,>* K. S. Carslaw,%* R. Neuber,”
G. Beyerle,®? T. Peter >4

Abstract. Observations of polar stratospheric clouds (PSCs) from Ny Alesund,
Spitsbergen, have been examined to quantify the occurrence of solid particles.
The polarized backscatter ratio was found to be a more sensitive indicator of the
presence of non-spherical (solid) particles in a PSC than the aerosol depolarization,
which approaches zero for clouds containing a large volume of liquid droplets. The
analysis corroborates our previous finding that type Ia PSCs cannot be composed
of nitric acid trihydrate particles in equilibrium with the gas phase, which would
lead to a much too high backscatter ratio. Conversely, type Ib PSCs, previously
thought to be composed solely of liquid droplets, often contain a very small fraction
of solid particles. These clouds develop a high parallel backscatter, arising from Mie
scattering by droplets, and a nonvanishing perpendicular signal due to the few solid
particles. Other type Ib PSCs appear to contain only liquid particles. The mixed
liquid /solid clouds are observed on the smallest spatial and temporal scale resolvable
by the lidar instrument (30 m, 1 min), implying that their properties are not a
result of spatial averaging of different cloud types. Comparison of the observations
with optical calculations shows that such nonequilibrium particle distributions are
to be expected, as temperature changes are sufficiently rapid to prevent the particles
from assuming equilibrium sizes. The observed optical characteristics of type la and
type Ib clouds can be reproduced in a model by assuming that a very small fraction
of the particles are composed of nitric acid hydrate, with the majority being binary
H2S04/H20 or ternary HNO3/HSO4/H2O droplets.

1. Introduction cludes their geographical and vertical extent, the chem-
ical composition and phase of the cloud particles, their
surface area and volume densities, the duration of indi-
vidual PSC events, and their ability to denitrify stratos-
pheric air by sedimentation. Our capability to predict
these properties from given meteorological and chemical
conditions (temperature, pressure, winds, concentration

of trace gases) is still very limited. Improvements of

The understanding of polar stratospheric ozone loss
depends crucially on our knowledge of polar stratosphe-
ric cloud (PSC) properties [World Meteorological Orga-
nization (WMO), 1994]. The information required in-

!Deutsches Zentrum fiir Luft- und Raumfahrt, Cologne,
Germany.

2Previously at Alfred Wegener Institute, Potsdam, Ger-
many.

3Airsys ATM, Langen, Germany.

4Previously at Max Planck Institute for Chemistry, Mainz,

Germany. v

5Laboratorium fiir Atmospharenphysik, Swiss Federal In-
stitute of Technology, Ziirich, Switzerland.

6School of the Environment, University of Leeds, Leeds,
England.

7Alfred Wegener Institute for Polar and Marine Research,
Research Unit Potsdam, Germany.

8GeoForschungsZentrum, Potsdam, Germany.

Copyright 2001 by the American Geophysical Union.

Paper number 2001JD900188.
0148-0227/2001JD900188$09.00

our prognostic capabilities concerning future ozone loss
le.g., Shindell et al., 1998; Waibel et al., 1999] rely on a
comprehensive understanding of the available data sets.
The present study is based on a subset of lidar data
from Ny Alesund, which comprise one of the longest
and most extensive time series of PSC observations.
The denitrification potential of PSCs is governed by
the question of how sufficiently large HNOg3-containing
particles can form [e.g., Waibel et al., 1999; Fahey et al.,
2001]. Such particles must be solid and must occur in
small number densities, as HNO3 uptake by the numer-
ous liquid particles does not allow particles to grow suf-
ficiently large for rapid sedimentation. Hence a central
question is how liquid particles convert into solid partic-
les and whether they can coexist in PSCs. Such coex-
istence can either be thermodynamic in nature; that is,
the mixed particles are in equilibrium and can coexist
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forever [Koop et al., 1997], or it can be kinetic; that is,
the atmosphere does not allow for sufficient time to let
one particle class evaporate in favor of another. While
the thermodynamic coexistence, e.g.. between ice par-
ticles and HySO4/H20 droplets, plays a large role in
atmospheric processes, it is especially the nonequilib-
rium (kinetically controlled) coexistence between ter-
nary solution droplets (HNO3;/H2SO4/H>0) and the
thermodynamically stable nitric acid hydrate particles
which governs the denitrification potential. Shibata et
al. 1997, 1999a b] and Deshler et al. [2000] reported
on the possible coexistence of solid and liquid HNO3-
containing particles in individual cloud observations,
and the former authors also simulate these coexisting
states by means of a coupled microphysical and optical
model. In the present paper we corroborate and extend
their findings: we use the Ny Alesund lidar data as a
statistical basis and highlight the value of the perpen-
dicular backscatter ratio to identify solid particles; and
combining these data with microphysical/optical mod-
eling, we show the nonequilibrium coexistence of solid
and liquid particles to be a common state in the Arctic.

Such kinetic or nonequilibrium effects may be caused
by gas phase diffusion impedance and surface accom-
modation impedance, which hinder the establishment
of equilibrium conditions between the gas phase and the
numerous supercooled ternary solution (STS) particles
on the one hand and the very few hydrate particles on
the other hand. Indeed, it may take hours or days until
the hydrate particles have absorbed the HNOj that is
available for them according to thermodynamic equilib-
rium considerations.

Lidar systems are well suited for systematically prob-
ing PSCs, in particular, when using depolarization of
the lidar signal to detect nonspherical (i.e.,, presum-
ably solid) particles. A distinction of two major classes
of PSCs, types I and II, was first made based on lidar
measurements by Poole and McCormick [1988]. Lidar
measurements by Browell et al. [1990] allowed Toon et
al. [1990] to further distinguish between type Ia PSCs
with high aerosol depolarization (6%4¢" = 30-50%) and
low total backscatter ratio (S; < 1.5) and type Ib PSCs
with high total backscatter ratio (S; > 2-3) but low de-
polarization (64" < 3%). In comparison, type IT PSCs
are characterized by much higher backscatter ratios and
aerosol depolarizations (S; > 7 and 6" > 10%). All
of these values have been recalculated for 532 nm from
the 603-nm wavelength of the Browell et al. [1990] li-
dar data using their measured wavelength dependence
of St'

While it is clear that type II PSCs must consist of
water ice, composition and phase of type I PSCs are
still under debate. As has been argued by Toon et
al. [1990], type Ia PSCs may be explained in terms
of clouds consisting of a few relatively large aspherical
particles, most likely composed of nitric acid trihydrate
(NAT). Such particles should result in high aerosol de-
polarization but low backscatter ratio and may exist at
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temperatures below Txar, the NAT equilibrium tem-
perature [Hanson and Mauersberger, 1988]. However,
as we show here for the first time, a crucial prerequisite
for obtaining S; < 1.5 is that the total condensed mass
in these clouds must be less than the total HNOj3 avail-
able, corroborating an interpretation by Peter [1997] of
in situ particle measurements. This is severely restrict-
ing the cloud particle number densities encountered in
type la PSCs.

Type Ib clouds were originally identified by Toon et
al. [1990] to be composed of a large number of small par-
ticles, spherical or almost spherical in shape, but most
likely solid. Later, thermodynamic models of supercoo-
led ternary solutions offered a robust explanation for
type Ib PSCs in terms of HNO3/H,SO4/H2O droplets
[Carslaw et al., 1994; Tabazadeh et al., 1994]. Such
models predicted coupled HNO3/H,O uptake by the
small background liquid H2SO4/H2O aerosol particles
below the temperature Tsts. the so-called “dew point”
of STS (under conditions typical for the lower strato-
sphere it is Tsts ~ Txar—3.6 K [Biele. 1999]). Thus the
models suggested type Ib PSCs to be mostly liquid and
successfully explained several in situ and remote PSC
measurements within the uncertainties [e.g.. Carslaw et
al.. 1994; Beyerle et al., 1997; Hervig et al., 1997]. Al-
though this concept explains most features of type Ib
PSCs. we will show in this work that type Ib clouds
may often contain solid particles in low number densi-
ties, whose optical properties are masked by the large
number of relatively large droplets.

In addition. a series of other observations have been
made that do not fit directly into the scheme of type II,
Ia. and Ib PSCs. On the basis of balloon-borne back-
scatter sonde data, Rosen et al. [1997] suggested the
existence of a PSC type whose optical properties could
be explained in terms of a mixture of type Ia and type Ib
and termed these as type M (standing for mixture). On
the basis of the optical specification specification given
by Rosen et al. [1997], it is conceivable that these clouds
are type Ib clouds with a small fraction of solid par-
ticles. which we discuss in detail below. On the basis
of lidar data from Sodankyla (Finland), an apparently
new type (which had been tentatively called type Id).
has recently been described by Wedekind [1997] and
Stein et al. [1999]. This cloud type is optically char-
acterized by high aerosol depolarizations (§4¢ = 10~
30%) combined with moderately high backscatter ratio
(S; =2-4 for 532 nm). A more comprehensive study by
Tsias et al. [1999] shows that the same type of cloud has
also been observed in the recent Airborne Polar Experi-
ment APE-POLECAT (Polar Stratospheric Clouds, Lee
waves, Chemistry, Aerosols, and Transport) campaign
using airborne lidar and that it may occur under rare
circumstances at all European lidar stations (including
the Sodankyla data discussed by Wedekind or Stein et
al. and the Ny Alesund data discussed here). Tsias et
al. [1999] showed that these clouds may be explained as
type Ia clouds with a higher degree of HNO3 hydrate
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particle activation (leading to an enhanced backscatter
ratio) than is the case in a standard type Ia cloud (while
particle radii appear to be similar). Accordingly. such
enhanced Ia clouds have been termed type Ia-enh by
Tsias et al. [1999]. In contrast to regular type Ia clouds.
kinetic calculations of the formation process of type Ia-
enh require typically 10-50% of particle activation. Re-
cently. Toon et al. [2000] described lidar observations of
many small solid particles in January 1989 and termed
them type Ic (not to be confused with the metastable
amorphous solids once hypothesized by Tabazadeh and
Toon [1996], which were also called type Ic). We note
that the characteristics of these clouds are very similar
to the type la-enh described above.

In the present paper. using the Ny Alesund lidar ob-
servations combined with microphysical/optical model-
ing. we address the very nature of type I PSCs in a
general sense: what fraction of the available HNOj is
contained in type Ia PSCs, and do type Ib PSCs consist
only of spherical (presumably liquid) particles?

2. Experimental Section
2.1. Instrumental Setup

The observations presented here were performed with
the Alfred Wegener Institute’s multiwavelength and po-
larization aerosol lidar instrument at the Primary Arc-
tic Station of the Network for the Detection of Stra-
tospheric Change (NDSC) in Ny Alesund, Spitsber-
gen (79°N, 12°E). For a comprehensive description, see
Biele et al. [1997a, b, Biele [1999], Stebel et al. [1996],
or Beyerle et al. [1994]. The polarization measure-
ments utilize the second harmonic of a Nd:YAG laser
at a wavelength of A = 532 nm operating with a pulse
repetition frequency of 30 Hz. Laser pulse energy is
180 mJ, typically. The signals backscattered from the
atmosphere are collected with a 60-cm telescope (field of
view o = 0.8 mrad). separated according to wavelength
and perpendicular/parallel polarization and detected by
sensitive photomultipliers in photon-counting mode. A
mechanical chopper prevents saturation of the photode-
tectors by signals from low altitudes. The instrument
was refined and improved several times in recent years.
The highest resolution attainable is 1 min in time and
15 to 30 m in altitude.

In this work we analyze the 532-nm polarized return.
Two polarizing beam splitters are used to separate the
two polarization directions parallel (||) and perpendicu-
lar (1) with respect to the plane of polarization of the
emitted beam, respectively. For the winter 1996,/1997,
only one beam splitter was used with implications for
instrumental bias as we will discuss below. Interference
filters with a full width at half maximum (FWHM) of
10 nm are used to suppress stray light. The result-
ing bandwidth implies a molecular depolarization of the
Rayleigh atmosphere (i.e., purely molecular atmosphere
without particulates) of 6% = 1.44% at 532 nm.

22,993

2.2. Observables

We present measurements of the parallel, perpendicu-
lar, and total backscatter ratios

/ Ray Aer
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S = (1)

which are defined in terms of the parallel, perpen-
dicular and total backscatter coefficients 3, 81, and
B = 3y + 31, respectively. In addition, we use volume
depolarization ¢¥°' and aerosol depolarization sAer:
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with o8& = 31/ 31 ~ 0.0144.

Low aerosol contents render the calculation of §%er
difficult because the uncertainty diverges as S — 1.
Under these circumstances, 6*¢" is not an ideal observa-
tional variable for describing optical properties of PSCs.
Even though (S., 6*¢) and (S.. S)) mathematically
contain the same information, the latter set of observ-
ables is the better choice for judging the properties of
aerosol ensembles.

2.3. Processing of Data

For the current application, raw data have been bin-
ned into 1-hour time intervals and 200-m height inter-
vals. Nonlinearities of the detection system (“dead time
effects,” pulse pileup) were removed using the method
described by Donovan et al. [1993] and Steinbrecht
[1994]. The relevant constants have been measured
(winter 1996/1997 [see Biele, 1999]) or estimated (pre-
vious winters). Note that these corrections are small
compared to the signal’s statistical uncertainty. Back-
ground count rates were subtracted after verification
that signal-induced noise was negligible by imposing a
constraint on the maximum admissible count rate. Un-
certainties were computed assuming Poisson statistics
for the statistical errors; systematic errors were cal-
culated from the uncertainties of the nonlinearity cor-
rection, the measured air density, and the ratio of ex-
tinction to backscatter coefficients for aerosol particles,
L = a®er/gAer = 40 sr. This is assumed to be con-
stant in both time and altitude, and because the ex-
act value is not known, we assume a relative error of
50%. The resulting uncertainty in backscatter coeffi-
cients is usually <10% of the statistical error of the
signal since type I PSCs are optically thin. The to-
tal backscatter ratio S; was computed by adding first
the intensities of the two polarized channels; then all
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three backscatter- coefficients and ratios (||. 1,t) were
calculated by Klett’s method [Klett, 1981; 1985; Biele,
1999]. The necessary normalization to SjLe =1 was
performed in the aerosol-free atmosphere above >26 km
where we never detected aerosols, using the value of the
Rayleigh depolarization (6%% = 1.44%). We used mea-
sured ozone densities (from at least weekly ozone sondes
at Ny Alesund) and absolute ozone absorption cross sec-
tions [Burrows et al., 1999] to correct for ozone absorp-
tion. Frequent (up to three per day) local meteorolog-
ical radio sondes (pressure, temperature and humidity)
deliver profiles that have been interpolated linearly in
time in order to derive air density.

2.4. A Posteriori Corrections of Polarized
Quantities

Difficulties in obtaining precise depolarization mea-
surements are often underestimated. Instrumental con-
tributions to an erroneous depolarization measurement
can be summarized as follows: (1) intrinsic laser de-
polarization, i.e., incomplete polarization of the emitted
laserlight; (2) faulty alignment of the detector polar-
ization plane with respect to the emitter polarization
plane; (3) imperfect separation or “cross talk” of the
two polarization directions in the detector.

The analysis of data processed as described in the pre-
vious subsection still showed some cross talk between
the || and L channels, as is apparent from a usually
slight linear increase in S, with Sy; that is, a strong
parallel backscatter signal strays into the perpendicu-
lar channel. An appropriate correction is of particu-
lar importance in the present context. An explanation
and an a posteriori correction of this phenomenon have
been described by Baumgarten [1997]. Generalizing this
work [Biele and Beyerle, 2000], we obtain the following
corrections (the superscript “meas” is used to distin-
guish the uncorrected from corrected quantities):

BIELE ET AL.: SOLID AND LIQUID POLAR STRATOSPHERIC CLOUD PARTICLES

We determine this instrumental constant, using at-
mospheric observations, as follows: data with a strictly
linear correlation between minimum S*** and Sl‘l“e"‘s
indicating the presence of liquid, not depolarizing par-
ticles only, plus the instrumental contribution to the
perpendicular channel were sought. As an example, the
(Sfeas,SlTleas) dependence is shown in Figure 1 for 1 day

in winter 1996/1997, an observation with a minimum
Sl‘l“eas, i.e., an almost purely liquid PSC. A linear least
squares fit |see, e.g., Press et al., 1986] of S''¢* versus
Spreas (weighted with 1/€ (Smeas)2) vields a first-order
instrumental constant 6. This constant is then used to
calculate the preliminary, first-order corrected quanti-
ties S, and 6%° for all data of a winter. Now all those
data points of a whole winter that are consistent with
S, =1, 6" =0 (within error bounds) can be selected

and the linear fit be applied to the selected raw data

S” ~ lllneas , (4)
o€ 0¢
_ meas meas
S, = (1 + 5Ray> SJ_ — SRay S” s (5)
- o meas o
()Aer — (1 + 5Ray> 5Ae1,mea> _ OC, (6)
. S
OVol _ S_J”- gRay 7 (7)

with a single constant 0¢ describing all instrumental
contributions mentioned above. Here 6V is implicitly
corrected since it is calculated from already corrected
quantities. Note that errors due to cross talk in S} (S1)
are proportional to the absolute value of 3, (3), hence
we ignore errors in S} due to cross talk (S — Sl‘,“eas is
negligible compared to other uncertainties). We keep
the two symbols for consistency until we drop all men-
tion of 5"*** after discussing Figure 1.
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Figure 1. Quasi-linear correlation between measured
parallel backscatter Si"¢** and measured perpendicu-

lar backscatter S7'°** on February 20, 1997, between
1834 and 2200 UT, in an almost purely liquid po-
lar stratospheric cloud (PSC), illustrating the correc-
tion of instrumental cross talk between the parallel and
perpendicular channels. Solid circles represent uncor-
rected raw data; open circles represent selected data
after first correction step with aerosol depolarization
64T < 0.005. Dashed line is weighted linear fit corre-
sponding to ¢ = 0.0217.
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of a winter. yielding a second-order §¢; the procedure is
iterated once more and convergence checked.

It is found that the correction constant is 6¢ < 0.0001
for winter 1994/1995, 6¢ = 0.0031 + 0.0005 for win-
ter 1995/1996 while 6¢ = 0.0217 + 0.0020 for win-
ter 1996,/1997. Especially in the winter 1996/1997 (with
only one polarizing beam splitter employed). a signifi-
cant correction was necessary.

While this procedure of correlating selected S
with S| corrects instrumental artifacts, it possibly over-
estimates the necessary instrumental correction, as it
cannot be excluded that even the cases with the chosen
minimum S'¢* (such as the liquid PSC in Figure 1)
do contain some natural perpendicular aerosol signal.
In any case, this procedure backs up the conclusions
drawn below about solid particles in type Ib PSCs (and
the occurrence frequency of mixed phase clouds could
be even slightly higher).

2.5. Uncertainties

A standard deviation £ of each variable (i.e.,, an ab-
solute error) has been calculated for each observation.
It includes random and systematic errors. The & obvi-
ously depends on the specific instrumental and atmo-
spheric measurement conditions, thus it varies for each
data point; however, for the bulk of data. an approxi-
mately fixed relative error in backscatter ratios can be
given. For example. the relative uncertainty of the per-
pendicular backscatter ratio, denoted by £(S1)/S1. has
an average value of £18%. Other typical uncertainties
include £(S)))/S) = £10% and £(S;)/Sy ~ £10%. Vol-
ume depolarization has an uncertainty £(6V°') =~ +1%.
The uncertainty of the aerosol depolarization, 5Aer. de-
pends strongly on total backscatter ratio; it can be ex-
pressed as £(04") ~ +£0.04/(S; — 1). This is an em-
pirical and approximate formula; of course, E(54e) de-
pends also on the specific value of 54 itself as well
as on the specific measurement conditions: yet the de-
pendence on S; is dominant. A §%¢" measurement at
S, = 1.1 has an uncertainty of typically £40%.

2.6. Resolutions

The original time resolution of the lidar data is ~
1 min: height resolution varies over different years and
campaigns from 15 to 200 m. Here we present all data
integrated uniformly to a height resolution of 200 m and
a time resolution of 1 hour. The reason on the experi-
mental side for such a rather coarse resolution in time
and space is to ensure strong lidar returns, which may
be normalized to the Rayleigh atmosphere at high al-
titudes without large statistical errors. This procedure
covers also problematic cases; for example, deteriorated
backscatter signals due to low tropospheric transmis-
sion.

The coarse resolution chosen here could lead to an ap-
parent coexistence of solid and liquid particles, which
would then be an artifact of the spatial and temporal av-
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eraging procedure. However, we observed simultaneous
occurrence of liquid and solid particles on the smallest
spatial and temporal scale resolvable by the lidar instru-
ment (30 m, 1 min). as evidenced from both parallel and
perpendidular backscatter ratio being significantly (20)
above aerosol-free (molecular) backscatter. This can-
not be the result of instrumental shortcomings (cross
talk, etc.), as the fine structures of the S| and .S pro-
files appear to be uncorrelated. Furthermore, tests with
data evaluation using enhanced resolution (150 m and
10 min) show no significant difference in results with-
out any indication of demixing. If the observed mixed
clouds were composed of purely liquid and solid patches,
these patches would always have to have horizontal di-
mensions smaller than typically 2 km, which appears to
be very unlikely. In contrast. Beyerle et al. [2000] find
typical spatial and temporal scales of PSC backscatter
ratio and depolarization over Spitsbergen to be of the
order of 1 km and 45-60 min, in accord with the present
analysis.

2.7. Temperatures and Trace Gas Data

Accurate temperature profiles are crucial for the anal-
ysis of PSC observations. Here we use temperatures
given by the local meteorological sondes, interpolated
linearly to the time of the lidar observation. Instru-
mental errors are given by the manufacturer as £0.2 K,
while we estimate errors produced by temporal inter-
polation and by spatial drift of the ballon as typically
+1.3 K [Biele, 1999].

The equilibrium temperatures Txat and Tice are cal-
culated assuming realistic HoO and HNOj3 profiles [Biele,
1999]. The adopted average water vapor profile has
been constructed by averaging and smoothing recent
measurements of HyO in the Arctic vortex [Aellig et
al., 1996: Schiller et al., 1996; Ovarlez and Owvarlez,
1994: Vomel et al., 1997); it rises from a minimum at
14 km altitude (3.9 ppmv) to 5.8 ppmv at 30 km. A
time- and height-dependent profile is used for HNOgz;
for this we use long-term Ny Alesund Fourier transform
infrared (FTIR) observations of the nitric acid column
and the “degree-of-subsidence” parameter defined by
Notholt et al. [1997] along with a model profile to cal-
culate seasonal mean HNOj profiles peaking between
18 and 21 km (9.3 to 11.4 ppbv).

For the calculation of STS properties we need a sulfu-
ric acid profile. As the remnants of the Mount Pinatubo
sulfuric acid cloud have almost vanished in the years dis-
cussed here, we use a background HySOy4 profile given
by Warneck [1988]. peaking at 0.96 ppbv (~ 3 ppbm)
in 18 km altitude. We assume a typical uncertainty of
+1 ppmv in the water and £2 ppbv in the nitric acid
content under not dehydrated or denitrified conditions.
This leads to maximum additional errors of +1.3 K in
both Tice and Tnat, leading to a maximum total un-
certainty for the temperature differences T — TaT or
T - Tice of the order of £2.5 K.
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Table 1. Definitions of Polar Stratospheric Cloud (PSC) Ia. Liquid Phase PSC Ib, and Mixed Phase PSC 1b®

PSC Type Aligned Cross-Polarized Likely Physical Class
Backscatter Ratio Backscatter Ratio Cloud Composition
None Sy <1+2&(S))° SL<142&E(SL)° binary droplets background
aerosol only®
Ia, 26% Sy <12 S.>1+42&(51) few? hydrate particles hydrate cloud
plus binary droplets
la-enh$ 1% 7>85,>15 Si>1+14(S; - 1) some® hydrate particles hydrate cloud
plus little or no interstitials
Liquid phase Ib Sy >14+2E(8)) S <1+2&(SL) ternary droplets liquid cloud
50% only
Mixed phase Ibf 7T>85,>1+2E(5) 14+ 14(5,-1)> 5. ternary droplets mixed phase
23 % >1+428(S0) plus hydrate particles cloud
1I S > 7h S, > 85" ice particles ice cloud

mixed with liquids/
solid hydrates

aDefinitions are based on perpendicular backscatter S1 and parallel backscatter S valid for Rayleigh depolarization

SR = 0.0144.

PCriteria for S) and S1 depend on the absolute value of the standard deviations £, which differ from data point to data
point. Here backscattering ratios are assumed to be in the vicinity of 1, which yields the simplified formulas given here.
In the above formulas, typically £(5)) =~ 0.10 and £(SL) = 0.18.

¢Note that the background aerosol (Junge layer) actually leads to a aligned backscatter ratio Sy > 1, with a maximum
of ~1.05 to 1.2, depending on the remnant volcanic load of the stratosphere.

dTypical nitric acid trihydrate (NAT) number densities are 107*...1072cm ™2,

3

eNote that Ia-enh here is identical with type Ic of Toon et al. [2000] and type Id of Wedekind et al. [1997]. See text.

fThis is possibly identical to type M of Rosen et al. [1997].

sTypical NAT number densities are > 10 'em ™3,

hGiven values are only true when the ice number density is high (>0.5 cm™*) and the ice particle radii are <3 pm.
iThis corresponds to a minimum aerosol depolarization §*¢" = 0.2 of the solids present; 14 = 0.2/0.0144. Rescale for

lidar systems with other values of the Rayleigh depolarization.

3. Observations

According to meteorological data analysis of eight
winters (1989/1990 to 1996,/1997) by Stebel [1998]. the
multiwavelength lidar in Ny Alesund on Spitsbergen
(79°N, 12°E) lies in the center of the Arctic vortex most
of the time. An average of 25% of all measurement days
show PSCs and this increases to as much as ~63% for
the cold winters 1995/1996 and 1996/1997. The PSCs
above Ny Alesund are not affected by local orographic
effects as, for example, are PSCs in the vicinity of the
Scandinavian mountain ridge. The Ny Alesund obser-
vations are therefore more representative of the rela-
tively slowly varying synoptic conditions of the Arctic
vortex center.

3.1. Data Overview

In the time period between January 11, 1995. and
March 6, 1997, we assembled altogether 525 hourly
vertical lidar profiles of which 421 showed PSC sig-
natures (see Table 1 for the definition of PSC exis-
tence). They have been combined to form a large
database of ~20,000 data points. each data point repre-
senting the optical and meteorological data integrated
over 1 hour and 200 m. As stratospheric temperatures
above Ny Alesund only rarely drop below the frost point

(Tice): type II PSCs have never been identified unam-
biguously in this data set.

Figure 2 shows the relative abundances of type Ia and
type Ib PSCs over Ny Alesund during the three win-
ters on a joint time axis. The data have been binned
into 3.5 days time bins. About 26% of all observa-
tions fall into the traditional type Ia set, ~73% fall into
the traditional type Ib set, and the remaining 1% are
type la-enh PSCs (not shown). Type Ib PSCs are fur-
ther divided into subclasses “purely liquid” for PSCs
with S| < 1.36 within instrumental uncertainty and
“mixed” with S, > 1.36, i.e., with clear indication
of the presence of solid particles inside these predom-
inantly liquid clouds, most likely liquid/solid external
mixtures. Here S; = 142 x £(S.) = 1.36 reflects
two standard deviations of the perpendicular backscat-
ter ratio in the Ny Alesund data set, while “any PSC” is
defined as either S| or S) or both significantly, 2 error-
bars, greater than unity. Thus the precise occurrence
frequencies of purely liquid type Ib clouds and type Ib
clouds with solid particles (50% and 23%, respectively)
are subject to instrumental precision. However, with
the arguments on instrumental artifacts (cross talk,
etc.) and spatial/temporal resolution and averaging
given above, we expect the numbers given in Figure 2 to
be a reasonable representation of the actual PSC prop-
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Figure 2. Combined statistics of lidar observations at Ny Alesund in the winters 1995-1997

(time=0 corresponds to January 1).

(a) PSC occurrence observations (all types) with data

binned in 3.5 day intervals. Time bins with <100 observations have been discarded. Also shown
are the occurrence frequencies of (b) PSC Ia (26% of all PSC observations). (¢) purely liquid
phase PSC Ib (50% of all PSC observations), and (d) mixed phase PSC Ib (23% of all PSC
observations) normalized by the total number of observations. Cloud classification is according

to Table 1.

erties over Ny Alesund. From Figure 2 it is further
clear that there is no obvious trend of the various types
of PSCs throughout these winters.

An inspection of all individual profiles revealed that
most of them contain solid particles at some altitude.
While PSCs that contain mostly liquid particles show
minimum temperatures of at least 4 K below TnaT.
clouds without a purely liquid fraction show minimum
temperatures only marginally below TaT.

This behavior is consistent with cold PSCs (~ 4 K
below TivaT) containing mostly STS particles and warm
PSCs (just below Txar) containing NAT particles but
no STS droplets. Compared to NAT other nitric acid
hydrates. e.g.. the dihydrate (NAD), appears to be a
less likely explanation of the observed depolarization
signals because the NAD existence temperatures are at
least 2 K below that of NAT, although the existence of
NAD cannot be excluded.

3.2. Polarization Versus Backscatter Ratio

Plate 1 shows the 532-nm backscatter signals plotted
in the traditional form as aerosol depolarization (§4¢")
versus total backscatter ratio (S;). It is seen that most
of the S; /54" space is empty. as almost all of the data

cluster either at the depolarization axis or at the back-
scatter ratio axis. corresponding to PSCs of type Ia and
type Ib. respectively. Nany points also cluster near
the origin, corresponding to background aerosols (small
H,S04/H>0O droplets with little uptake of HNO3).
Plate 1 shows the measurements in the time interval
stated above excluding three nights (December 21/22,
1995: January 6, 1996 and February 6. 1996) on which
the observed S; and 6" values deviated considerably
from the general Ia/Ib behavior. These observations,
which correspond to ~1% of all data points, show char-
acteristics of type Ia-enh PSCs and are discussed in de-
tail by Tsias et al. [1999]. Data points belonging to
this rare kind of clouds have been eliminated from the
present analysis (affecting ~1% of all measurements).
In Plate 1, temperature, expressed as T — TNAT, iS
given by a color code. Observations showing high de-
polarization generally belong to higher temperatures
than observations showing large backscatter ratio. More
precisely, type la clouds are seen mostly at 0-4 K below
Tnat, while type Ib clouds correspond mostly to even
lower temperatures (1" < Tyar—4 K). Assuming type Ia
clouds to contain NAT particles and type Ib clouds to
consist of ternary droplets, the temperature attribution
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Plate 1. Scatterplot of aerosol depolarization 6" =
B31/8) versus total backscatter ratio S;. Data points
cover 99% of all observations 1995-1997; the remaining
1% of type la-enh polar stratospheric clouds (PSCs)
scatter over the entire (S;,6¢") plane and are sup-
pressed for clarity. Color coding is according to the
temperature difference 7' — Tyar. Data from January
1995 subject to denitrification are plotted as stars. all
others as crosses. Most data points are found either
near the depolarization axis (“Ia”) or near the backscat-
ter ratio axis (“Ib”), while background aerosol measure-
ments are near the origin. Uncertainties are <~10% for
Sy and ~0.04/(S; — 1) for 54er.
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Plate 2b. Theoretical T matrix calculations of aerosol
depolarization 54" = 5?” / ﬂlfl*e‘" versus total backscat-
ter ratio of a mixed cloud. Calculation assuming a fixed
NAT distribution but varying STS abundance. Num-
ber density, radius and condensed HNO3 of NAT par-
ticles are 0.005 cm™3, 1.56 um. and 0.335 ppbv, respec-
tively, while their aspect ratios vary,e = 0.5...1.5 (as in
Plate 2a). STS particle distribution (distribution width
o = 1.8 and fixed number density of 10 cm™3) with
condensed HNOj3 amount varies from 0 to 10 ppbv de-
pending on temperature (same color code for T — TNaT
as in Plate 1).
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Plate 2a. Theoretical T matrix calculations of aero-
sol depolarization §4¢" = gier/ ﬁl‘?e" versus total back-

scatter ratio. Backscatter/depolarization properties are
simulated for a PSC consisting only of NAT particles
corresponding to 5 ppbv condensed HNOj3. Particles
are monodisperse but occur with varying aspect ra-
tios between 0.5 and 1.5 and various radii (color code).
Amounts of condensed HNOj other than 5 ppbv lead to
a rescaling of the abscissa (see axes for 1 and 0.1 ppbv).
Number density, radius and condensed HNO3 of NAT
particles are 0.005 cm™3, 1.56 um, and 0.335 ppbv, re-
spectively, while their aspect ratios vary, e = 0.5...1.5.
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Plate 3. Scatterplot of perpendicular backscatter
ratio S versus parallel backscatter ratio Sy. Solid ver-
tical line at S| = 1.4 marks maximum backscatter ratio
for type Ia PSCs after Browell et al. [1990]. Red circles
with error bars indicate data points taken from the lidar
profile shown in Figure 6. Green stars at the bottom
are measurements that show a perpendicular backscat-
ter ratio consistent with 1.0, i.e., purely liquid type Ib
clouds.
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given in Plate 1 is in accordance with what is expected
from equilibrium thermodynamics, as Tss is 3 to 4 K
below Tnat. Note, however, that measurements with
high S; but low aerosol depolarization may still contain
a minority of solid particles whose depolarization signal
is “masked” by the high parallel backscatter ratio of the
liquid aerosol.

3.3. Temperature Dependence

We tried to avoid misrepresentation of temperatures
by a critical analysis of the Ny Alesund sonde data. Ow-
ing to large temperature uncertainties or errors in some
meteorological sondes the following observation days
have been discarded from all plots relying on tempera-
ture information: December 23, 1995; January 17/18,
1996; January 21, 1996; February 4, 1996; and Febru-
ary 20-22, 1997. Furthermore, it should be noted that
in this and the following plots, PSC data from Jan-
uary 1995 show a bias toward lower temperatures. As
will be discussed below, this is probably a result of den-
itrification, which was strong in that winter [Waibel et
al., 1999]. These points are plotted as asterisks instead
of crosses to distinguish them from the other data. Typ-
ically, all points belonging to the lowest temperatures
T —Tnat < —7 K fall into this category (which amounts
to 11.2% of the entire data set).

In Figure 3 we present all profiles in a scatterplot
of the cloud fraction containing solid particles, Fsolid
versus min(T" — Tnxar). Each point corresponds to
one of the 421 lidar profiles containing PSCs plotted
over the minimum temperature within the cloud with
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respect to Tnar. The dotted vertical line indicates
Tsts. At T2 Tsts + 0.8 K, most profiles (except a
few outliers) contain solid particles at all altitudes, as
only hydrate particles (together with interstitial binary
H»S04/H20 droplets) can exist in this temperature
range (Tnat ~ Tsts+3.6 K and Txap =~ Tsts+1.6 K).
This is to be expected, as liquid aerosols at these tem-
peratures do not take up appreciable amounts of HNO3
and therefore are too small to contribute significantly
to the parallel backscatter signal. Below Tsts there are
apparently random values of Foliqa between 0 (only lig-
uid particles in the entire profile) and 1 (solid particles
are present everywhere). This suggests that the pres-
ence of solid, most likely NAT particles in PSCs below
Tsts, is independent of the temperature at the time of
the observation, but it may depend on other factors,
such as the (temperature) history of the particular air
parcels forming the cloud.

Figure 4 shows the parallel backscatter ratio S (of
solid plus liquid particles) versus T' — Tnar along with
theoretical growth curves for STS and NAT. While
backscatter ratios at T > TnaT are temperature in-
dependent, they increase at and below the STS dew
point (bold dashed vertical line). Gray solid curves
indicate theoretical simulations of the backscatter ra-
tio by STS droplets under equilibrium conditions (cal-
culated by means of the coupled STS thermodynamic
and optical, i.e., Mie scattering, models described by
Carslaw et al. [1998]). The individual STS curves ac-
tually broaden into bands with typical width +0.7 K
to account for nonequilibrium effects due to mesoscale
temperature fluctuations as shown by Bacmeister et al.
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Figure 3. Fraction of individual cloud profiles containing solid particles, Fsolid, plotted versus
min(T — Txat), 1.e., the lowest temperature within the cloud profile relative to Txar. Dashed
vertical line indicates Tsts. Feolid is defined as the number of altitude bins in a PSC profile where
solid particles could be detected, divided by the total number of height bins containing any PSC.
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Figure 4. Scatterplot of parallel backscatter ratios
(S)) versus T'— Txat. Typical experimental uncertain-
ties are £15% for S and +£2.5 K for T'—Tnar. Dashed
and solid vertical lines indicate Tsts and TnaT. respec-
tively. For comparison, lines show calculated backscat-
ter ratios for a HoO content of 5 ppmv: Solid curves are
Mie calculations of supercooled ternary solution (STS)
backscatter ratios for equilibrium conditions with vari-
ous HNOj3 concentrations (parameters on the curves, in
ppbv). Dashed curves show T matrix computations for
NAT particle equilibrium sizes with number densities
of 0.005 cm~? (dash-dotted line) and 10 cm~? (dashed
line) and two aspect ratios (0.5 and 0.85, indicated on
the curves).

[1999]. Given this and the experimental temperature er-
ror bar of £2.5 K, we find reasonable consistency with
the STS model. Data of January 1995 are again marked
with different symbols (stars instead of crosses), as they
exhibit a systematic bias toward lower temperatures.
Some points show only moderate S (< 2.5), even at
very low T (< InaT — 6 K), which may be partly ex-
plained in terms of denitrification [Waibel et al., 1999].
Denitrification was found to lower HNOj3 around 20 km
by up to a factor of 2, and consequently, TxaT temper-
atures are lowered by ~1 K in comparison to those cal-
culated with our standard profiles. Finally, the dashed
and dotted curves in Figure 4 are simulations for NAT
particles, which will be discussed in section 4.

Figures 5a and 5b show the volume depolarization
oVol versus T — Tnar. comprising the measurements
during the three winters 1994-1997 at all altitudes.
Volume depolarization is used rather than aerosol de-
polarization since dV°' is “well behaved” in terms of

uncertainties in contrast to 04¢". The Rayleigh value
5Vel = 0.0144 of aerosol-free air (referring to the detec-
tor bandwidth in our measurements) is marked by the
horizontal dashed line to guide the eye. It is seen that
while at T > Tnat +2 K the measurements are centered
on the value of Rayleigh depolarization for aerosol-free
air, measurements below that temperature show de-
polarization increasing to 5 times the Rayleigh value
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and some even higher. Below Txat—3 K, further events
with volume depolarization lower than the Rayleigh
value occur. Values §V°! > 0.0144 indicate that the de-
polarization due to solid aerosols exceeds any effect of
liquid aerosols. Conversely, §V°! < 0.0144 is a signature
of mostly liquid (i.e., spherical) particles in the volume
probed, which lead to a lower depolarization than that
of molecular air. The onset of highly depolarizing PSC
particles is consistent with the NAT condensation tem-
perature, TyaT. taking into account that the quantity
T — Tnar has an uncertainty of +2.5 K. Similarly, ob-
servations below the Rayleigh value are consistent with
the STS formation temperature, T = Tnat — 3.6. Note
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Figure 5. Scatterplot of volume depolarization data
oVol = B1/B) versus T — Tnar (data of January 1995
shown as stars, all others as crosses). The Rayleigh de-
polarization of 1.44% is indicated by a dashed horizontal
line. Theoretical curves are given for pure STS (lower
light curves)and two different mixtures of NAT partic-
les with STS droplets. (a) Theoretical curves computed
for a constant cooling rate of 1.5 (0.3) K/h for the last
10 (50) hours (dash-dotted, solid lines, solid for the STS
curve) and for an aspect ratio e = 0.85. (b) Results for
the subsequent heating period with the same parame-
ters, STS curve dashed (also see text).
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that the quantity 6¥°! = 3, / 3 may be lowered by pop-
ulations of large STS droplets, if the number densities
and sizes of the solid particles are not too high. This
will occur as the temperature falls and STS droplets
grow, even if 3, remains constant or is slowly increas-
ing. The curves in Figures 5a and 5b are simulations of
optical properties of mixed (solid/liquid) PSCs, which
will be explained in section 4.

4. Theoretical Calculations

We simulate the observations shown above with mi-
crophysical and optical models based on certain as-
sumptions concerning ensembles of liquid and solid par-
ticles. All calculations have been performed for the 50-
hPa pressure level, equivalent to an altitude of ~20 km.
However, the results are almost invariant with pressure
when plotted against T'—TnaT. so they can be compared
directly to our lidar data for a wide altitude range.
The transformation of the temperature axis from T to
T — Tnar is effective because Tsts — TaT is approxi-
mately independent of HNO3 and HoO partial pressures
and hence modest changes in total pressure.

By means of a light-scattering algorithm it is possi-
ble to convert assumed, observed. or calculated parti-
cle size distributions into a simulated lidar signal. By
comparing the results of the optical simulation with the
observed lidar signal, certain parameters for the parti-
cle distributions can be constrained. Light scattering is
easily calculated for spherical particles using Mie the-
orv. For nonspherical particles, which are of central
interest here, we applied the T matrix method [Mish-
chenko, 1991}, assuming the particles to be of spheroidal
shape. We have shown this simplifying assumption
to work successfully in our previous PSC studies [e.g.
Carslaw et al.. 1998].

4.1. Polarization Versus Backscatter Ratio

First, we turn to the simulation of the experimental
data shown in Plate 1. We start out with the most sim-
ple assumption of a NAT PSC in equilibrium with the
gas phase typical for an Arctic lower stratospheric air
parcel. We assume that 5 ppbv of HNO3 have been con-
densed onto the NAT particles (i.e., about half of the
total HNOj3 available in such an air parcel). As we have
no information on number densities or asphericities of
NAT particles, we applied the T matrix calculations to
monodisperse NAT size distributions with widely vary-
ing radii ranging trom 0.1 to 2.0 pm and 21 different
aspect ratios ¢ = 0.5...1.5 for each radius. Because
the amount of condensed nitric acid is fixed (5 ppbv)
while radii vary, the number density of NAT particles
varies accordingly (small radii leading to high number
densities and vice versa). The result of this calcula-
tion is shown in Plate 2a with the color code indicating
particle radius.

It is evident that with 5 ppbv HNOj in the cenden-
sed phase, most of the §4¢'/S, space is filled, in strik-
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ing contrast to the type Ia/Ib PSC scheme displayed
in Plate 1. This situation is not changed if only single
radii or asphericities are chosen. With radii >2 um,
more points are added with low backscatter ratio at all
depolarizations, although backscatter ratios remain too
high to match observations. Also, the result is practi-
cally independent of the assumption that the particles
are monodisperse, as other calculations for lognormal
distributions show (not shown here).

The only way to obtain smaller backscattering ratios
at moderate to high depolarization ratios, as shown by
the observations, is to reduce the amount of nitric acid
condensed in the solid particles. This leads simply to a
different scaling of the abscissa, i.e.. the total backscat-
ter ratio axis (see Plate 2a, lower two abscissas). Typi-
cal 27/ S, values for type Ia PSCs are approached for
1 to 0.1 ppbv HNO3 in the condensed phase. This is a
surprising finding at first sight, as, at most, 5% of the
total available HNOj3 is allowed to condense.

A more realistic simulation requires taking both solid
and liquid particles into account, as predominantly lig-
uid particles are responsible for type Ib properties and
predominantly solid particles for type Ia properties. Ac-
cording to the scaling of backscatter ratio with conden-
sed solid mass shown in Plate 2a, condensed solid mass
has to always remain <1 ppbv of HNO3. On the other
hand, condensed liquid mass has to occur in varying
amounts to account for type Ib backscatter ratio vary-
ing between 1.5 and 6 (abscissa). Plate 2b shows such
a T matrix calculation with a mixed particle distribu-
tion of STS and NAT particles. In this example we use
a narrow lognormal size distribution for the NAT par-
ticles with mean radius Rmoq = 1.56 pm, distribution
width ¢ = 1.01, and the constraint that 0.335 ppbv
HNOj3 be condensed onto NAT particles with a number
density of 0.005 cm™3. Again, 21 different aspect ratios
e = 0.5...1.5 have been used for the computations and
are all shown in Plate 2b. For the STS size distribution
we assume typical values: ¢ = 1.8 and a fixed number
density of 10 cm™2. The amount of HNO; condensed
into STS droplets varies from 0 to 10 ppbv, depending
on temperature. The STS droplets are assumed to be
in equilibrium with the gas phase, with vapor pressures
calculated according to Carslaw et al. [1994]. Tempera-
ture is shown as T — Txat. and the same color code
is used as in Plate 1. It is seen that at temperatures
near Tnar {orange and red), the NAT particles domi-
nate the backscatter characteristics of the mixed cloud
with high 6%¢" and low S;, resembling values typical
for type Ia PSCs. Lowering the temperature leads to
uptake of nitric acid by the liquid aerosol and thus to
higher S; but lower 54 At the lowest temperatures,
highest backscatter ratios are obtained while the aerosol
depolarization has almost fallen to 0 (typical for type Ib
PSCs).

We would like to emphasize that the restriction of
solid phase HNO3 to below 5% of the total available
HNOj is the only possibility to achieve agreement be-
tween the observations and the T matrix model used
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in the present study (compare measurements with high
54" in Plate 1 with abscissas of calculations in Plate
2a). In principle, there might be other ways of simu-
lating the observations, if the constraint of spheroidal
particles is relaxed. However, test calculations using
the T matrix model for rectangular cylinders instead of
spheroids with radii and aspect ratios similar to those
used above show no principally different result. Also,
as mentioned above, previous detailed case studies al-
lowed excellent descriptions of particle growth based on
the present spheroid model [Carslaw et al., 1998; Tsias
et al., 1999, and references therein].

Furthermore, it should be noted that the fixed amount
of HNOj3 condensed as NAT (here 0.335 ppbv in 0.005
em™? particles with Ry,0q4 = 1.56 um) leads to a small,
but nonvanishing aerosol depolarization even at high
backscatter ratios when liquid particles have taken up
most of the available HNOj3. The agreement between
the model calculations in Plate 2b and the observations
in Plate 1 suggests that the observations can be ex-
plained by PSCs containing a small number of relatively
large solid particles (e.g., NAT) externally mixed with
a large number (10 cm™2) of relatively small (0.1 to
0.3 pum) liquid particles (e.g., STS).

4.2. Temperature Dependence

The curves in Figures. 4 and 5 have been calculated
with our microphysical model originally developed by
Meilinger et al. [1995] to describe the growth kinetics
of liquid particles and later generalized by Tsias et al.
[1997] for solid particle nucleation. The model treats
growth kinetics of liquid and solid aerosols by means
of a Lagrangian scheme for aerosol radii, which enables
one to accurately follow the evolution of nonequilibrium
particle distributions.

In Figure 4 we follow air masses that cool very slowly
so that the particles are in quasi-equilibrium and model
S| due to STS and NAT. Solid lines represent the pa-
rallel backscatter ratio of pure STS aerosol calculated
for different concentrations of HNO3 varying from 5 to
15 ppmv. As expected, the backscatter ratio is seen
to increase strongly due to increasing uptake of nitric
acid and water below Tstg (indicated by a dashed ver-
tical line). Despite the relatively large uncertainties in
temperature, many of the S| observations during the
three winters in Ny Alesund are in satisfactory agree-
ment with the modeled STS clouds, which dominate the
parallel backscatter properties, but cannot explain the
depolarization observed in many PSC events. Modeled
S| for NAT particles embedded in a background aero-
sol distribution under equilibrium conditions is shown
by the dashed [n(NAT) = 10 cm~3] and dash-dotted
[n(NAT) = 0.005 cm™3] lines for two aspect ratios
(e = 0.5 and 0.85). Clearly, none of these curves is a
good overall description of the observed S|, again sug-
gesting that NAT in equilibrium with the gas phase is
unlikely to be present in any of PSCs observed, irre-
spective of the particle number density or asphericity.
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An exception might be the observations of January 1995
(marked by stars instead of crosses), which show very
low S| at low temperatures that are best explained in
terms of strong denitrification and the existence of very
large NAT particles [Waibel et al., 1999].

The microphysical calculations shown by the curves
in Figures 5 assume a cooling (Figure 5a) and a heating
(Figure 5b) air parcel with total mixing ratio of 5 ppmv
H;O and 10 ppbv HNOj3. Initially, under warm condi-
tions with no HNOj taken up by the aerosol, the air
parcel is assumed to contain a lognormal liquid particle
distribution with total number density 10 cm~2, mode
radius Ryoq = 0.08 um, and lognormal width ¢ = 1.8,
as is characteristic for the Arctic lower stratospheric
aerosol. Light curves below the Rayleigh depolarization
(1.44%) show the volume depolarization ratio of air con-
taining only spherical STS droplets, while dark curves
above the Rayleigh depolarization show 0.005 cm™3 of
crystalline NAT particles with aspect ratio e = 0.85 ex-
ternally mixed into the STS droplets. For both cases,
two cooling rates are distinguished in Figure 5a by
dashed (1.5 K/h) and solid (0.3 K/h) curves. Cal-
culated maxima of depolarization occur around Tsrs,
while §V°! decreases again for still lower temperatures
owing to increased parallel backscatter ratio of the lig-
uid particles. Smaller cooling rates lead to more uptake
of nitric acid by the NAT particles, so that the resulting
depolarization is higher than for a faster cooling.

Figure 5b shows the calculated depolarizations under
the same assumptions as in Figure 5a, but for a warming
air parcel after it had reached a minimum temperature
of T — Tnat = —10 K. Depolarizations are seen to rise
to their maximum at higher temperatures than in the
cooling phase and exhibit high values even for temper-
atures a few kelvins above TxaT or up to 6 hours after
Tnat was passed. This is caused by the slowing of the
evaporation/growth process of large NAT particles due
to gas phase impedance (and, to a smaller degree, also
surface accommodation impedance).

For other aspect ratios in the range 0.5 < e < 1.5 the
curves are qualitatively similar but have lower depolar-
izations; that is, the curves shown here represent an
upper bound for the given e range and the two specified
cooling rates. Higher depolarizations may be reached
when cooling/warming rates are even smaller. How-
ever, the NAT particles then grow to radii above 3.0 pm,
which is the limit of applicability of the T matrix code
used in the present calculations.

The calculated depolarization curves in Figures 5a
and Figure 5b cover practically the entire range of ob-
servational data. The difference in the simulated growth
and evaporation sequences suggests that the depolar-
ization signal is strongly influenced by kinetic effects
(mainly due to gas phase diffusion impedance), leading
to NAT particle distributions that are not in equilib-
rium with the gas phase. In contrast, the backscatter
curves (Figure 4), which are dominated by STS aero-
sols, are much less dependent on kinetic growth effects
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because equilibrium is rapidly established between the
gas phase and the large number of droplets. (Nonequi-
librium effects among small and large droplets as they
have been described by Meilinger et al. [1995] lead to
only moderate changes in the backscatter ratio.)

5. Coexistence of Solid and Liquid
Aerosols

As discussed above, the T matrix simulations can ex-
plain the observed §%¢* versus S; characteristics of the
Ny Alesund lidar data if solid and liquid particles are
allowed to coexist and to develop kinetically (taking
account of gas phase diffusion and surface accommoda-
tion effects). In the following we look at one specific
observation and then generalize this case.

5.1. Case Study

A typical example of a mixed cloud is shown in Fig-
ure 6. Figure 6a shows S, and S and Figure 6b shows
the volume and aerosol depolarizations of a PSC on
February 12, 1997. This PSC looks like a typical “sand-
wich PSC? if only depolarization and parallel (or total)
backscatter ratio are regarded, but the profile of S
indicates the continuous presence of solid particles in
the central STS layer. Edges with high depolarization
around type Ib PSCs were first recognized by Poole and
McCormick [1988] and later by Toon et al. [1990], when
the existence of STS droplets was not yet established.
These authors argued that the supercooling remained
low at the cloud edges, so that frozen HNO3 hydrate

28 , . . :
—_ S, (a)
€ .
— I
= 20} ! S ]
% 16 ! ®
< : - h

12 1 L 1 1 L

0 1 2 3 4 5 6
backscatter ratio

28 . : .
= 24t -
£ ' -
= er
= 20¢ X & J
k= |
o 16} E
L

12 1 1 L I

0 0.05 0.10 0.15 0.20

depolarization

Figure 6. Example of a mixed PSC on February 12,
1997 (0500-0600 UT). (a) Vertical profiles of parallel
(thick line) and perpendicular (thin line) backscatter
ratios. (b) Corresponding profiles of volume depolar-
ization (thick line) and aerosol depolarization (thin
line). Vertical dashed lines indicate aerosol-free atmo-
sphere (S; = 1 and ¢V°! = 0.0144). Large superimposed
dots and crosses show the end values of the theoretical
simulation: see Figure 7. In Figure 6a. dots refer to S|,
and crosses to S, . while Figure 6b, the crosses refer to
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particles (like NAT) could grow to large sizes and conse-
quently high depolarization, whereas the cloud core su-
percooled substantially and sufficiently rapidly to cause
a large fraction of particles to freeze, resulting in many
small particles with low depolarization. Today it is clear
that the main properties of the cloud core are best ex-
plained in terms of STS droplets. In contrast to the as-
sumption underlying the original explanation by Toon
et al. [1990], nitric acid hydrates do not easily form in
ternary solution droplets [e.g.. Koop et al., 1995].

Such PSCs with type Ib cloud core and type la solid
particle layers at base and top have been termed “sand-
wich clouds” by Shibata et al. [1997] and Biele et al.
[1997a, b}, but these authors did not address the prob-
lem as to why there should be solid particles at the
cloud edges but none in the cloud core. Shibata et al.
[1999a. b] shed light on this question by showing that it
could be possible that also the cloud center could con-
tain a minority of solid particles. The present analysis
shows clearly that solid aerosol particles do exist over
the full altitude range (wherever T' < Tat). coexisting
with the binary or ternary droplets. In contrast to the
depolarization ratio, S, is not “masked” by high pa-
rallel backscatter. The solid particles give rise to cloud
properties characteristic of type Ia. Thus, as suggested
by Plates 2a, 2b, they assume only small particle num-
ber densities which do not have enough time to develop
their equilibrium size, that is, they absorb only a small
fraction of the available HNOj3 and yield small back-
scatter ratio and moderate depolarization. In contrast,
the cold center layer of the cloud in Figure 6 allows
temperatures to drop below Tsts, so that the majority
of liquid particles have no difficulties in readily grow-
ing into well-developed STS droplets. These show a
considerable backscatter ratio in the parallel channel,
while the perpendicular backscatter ratio is maintained
by the few solid particles in this external mixture.

As noted above (see section 2.4) cross talk is unlikely
to be the reason for this observation. Rather, the cross
talk correction may have led to a slight underestimation
of S, inside the liquid cloud. However, the structure
of the cloud in Figure 6 where maxima of Sy and S
sometimes coincide gives no indication for an overcor-
rection.

Figure 7 shows two microphysical/optical model runs
for the same cloud. one for the cloud center, the other
for the lower edge. Only 0.01% of all particles are
assumed to be activated as NAT and to grow when
T < Tnar- These simulations clearly illustrate how
the low number density of NAT particles governs the
uptake kinetics in the cloud preventing equilibrium be-
tween the cloud particles on the timescale of cloud de-
velopment. The value of the HNO3 hydrate number
density is in accordance with our previous analyses of
mountain-induced PSCs [Carslaw et al., 1998] and den-
itrification events |Waibel et al., 1999]. The final val-
ues of Sy, Si, and 54 are marked for comparison in
Figure 6, showing rather good agreement between the
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Figure 7. Fully kinetic simulations for the cloud shown
in Figure 6. Solid curves denote 3-day European Center
for Medium-Range Weather Forecasts (ECMWF) back-
trajectory ending at the cloud center (20-km altitude);
temperatures have been lowered by 1.3 K to account
for a nearby radiosonde measurement. Dashed curves
denote same trajectory, but warmer by 4 K referring to
lower cloud edge (16.5-km altitude). Initial conditions
are as follows: 5 ppmv total HoO. 10 ppbv total HNOs3,
0.1 ppbv H,SO0, condensed in 10 particles cm™3 (at
230 K). Only 0.01% of all particles are assumed to nu-
cleate NAT and to grow provided T" < Tyar. Optical
results are based on T matrix calculations for partic-
les with constant aspect ratio 0.85. (a) Temperature
development. Dotted lines are NAT coexistence and
frost point temperatures. (b) Amount of HNOj3 in lig-
uid (top curves) and NAT particles (lower curves). (c¢)
Total backscatter ratio at 532 nm. (d) Perpendicular
backscatter ratio. (e) Aerosol depolarization ratio.
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modeled cases and the measurements. However, only
two model curves have been considered, and the fine
structure of the cloud profile, in particular the remain-
ing sandwich structure in Sj. cannot be explained in
the absence of detailed and accurate temperature and
NAT number density information.

5.2. Ny Alesund Type I PSC Statistics

Finally, we screened the entire Ny Alesund 1995-1997
data set for type Ib PSCs with and without detectable
solid particles. Plate 3 presents all experimental data
of the three winters in (S).S.) space. Highlighted by
red points are measurements belonging to the cloud
shown in Figure 6. Plate 3 reveals a substantial num-
ber of measurements apparently without solid partic-
les (marked by green points). These are purely liquid
clouds. The other measurements indicate the presence
of solid particles (marked by blue and red points). As
discussed above, these are external mixtures of liquid
and solid particles. A vertical solid line at S = 1.4 is
shown to suggest the conventional boundary between
type Ia (S; < 1.4) and type Ib (S¢ > 2.5) PSCs. From
Plate 3 it is evident that an appreciable fraction of the
type Ib PSCs over Ny Alesund contain a small fraction
of solid particles.

Table 1 presents our new definitions of PSC types
based on S| and S| alone. The definitions here depend
partly also on the sensitivity (detection limit) of the li-
dar instrument. i.e., on the uncertainty of S, and Sy: we
refrained from replacing the quantity 2€(S..5)) by a
fixed number because the uncertainty of a backscatter
ratio measurement is not a constant. For rough esti-
mates, £(S.) = 0.18 and £(S)) = 0.1 are appropriate.
The present definition shows the minimum abundance
of coexisting liquid and solid particle PSCs that are
clearly above our detection limit. Future measurements
with potentially smaller uncertainties might lead to re-
fined PSC type definitions. Note that our type “Ta-enh”
is identical to type Ic of Toon et al. [2000] and type Id
of Wedekind [1997]. while “mixed phase Ib" is possibly
identical to type M of Rosen et al. [1997]. For complete-
ness, we give the “type II” definition in terms of S . S,
as well; note here that the given values are true only
when the ice number density is high (> 0.5 cm™%) and
the ice particle radii are <3 um. For large ice particles
(synoptic ice clouds) the values can be much smaller;
theoretically, ice clouds could then have similar lidar
properties S, 51 as Ia-enh. The particular numerical
constants in the formulas given in Table 1 for S corre-
spond to a minimum aerosol depolarization gher = 0.2
of the solids present: 14 = 0.2/0.0144. Rescale for li-
dar systems with other values of the Rayleigh depolar-
ization.

6. Conclusions and Outlook

On the basis of the present analysis, we conclude that
the microphysics of polar stratospheric clouds in the
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Arctic is more often characterized by nonequilibrium
conditions than assumed previously. Not only do rapid
temperature fluctuations, as they occur above moun-
tain ranges. strongly influence particle distributions,
but even places that are presumably not perturbed by
orographic effects lend support to the notion that type I
PSC particles are rarely in equilibrium with themselves
or with the gas phase. In particular, there is strong in-
dication that particles in type Ia PSCs hardly ever grow
to their equilibrium volume and that type Ib PSCs of-
ten contain nonequilibrated hydrate particles (see also
recent articles by Shibata et al.[1999a, b]).

On the basis of the analysis of the perpendicularly po-
larized backscatter ratio, S, , of the Ny Alesund lidar
measurements, we show that type Ib PSCs may occur as
purely liquid clouds or may contain solid particles with
low number densities and low condensed mass. This
is not evident if only total backscatter ratio and de-
polarizations are analyzed. On the experimental side,
such measurements require a careful analysis of polar-
ized quantities, as slight imperfections of the instrument
can introduce a systematic bias in the evaluation of S .
At the same time, a bias in depolarization ratios can be
easily overlooked.

Optical calculations allow us to simulate the basic
properties of our data set, if we assume small num-
ber densities (1 per liter or less) of rather large nitric
acid hydrate particles (mean radius ~2 pm or larger) to
coexist with liquid HpSO4/H>0 or HNO3 /H2SO,/H,0
particles. Apart from the very rarely observed type la-
enh clouds, in which a large fraction of the total number
of particles may become activated as hydrates, there
are no PSCs composed entirely of solid particles above
Tice. Rather, liquid particles originating from the back-
ground aerosol are always present with number densities
of the order of 10 cm™3. Hence, even in sirongly depola-
rizing type Ia clouds only a small number of large solid
particles may develop. Owing to their importance in
stratospheric denitrification and ozone loss, such large
HNO3-containing cloud particles are again of great in-
terest, since particles with radii up to 10 gm and num-
ber densities of around 107* cm™3 containing about
2 ppbv of the total available HNO3 have been discovered
in the Arctic [Fahey et al., 2001].

Temperature analyses of solid particle observations
are in agreement with the assumption that the particles
are composed of NAT. while optical properties of liquid
PSCs are in quantitative agreement with the STS the-
ory. Where and how the solid particles form remain
open questions. Hypotheses range from nucleation of
NAT on ice [Koop et al., 1995], via heterogeneous nu-
cleation on hitherto unknown nuclei [Drdla, 1993}, to
radiation-induced nucleation (similar to galactic cosmic
rays causing ice nucleation in cloud chambers [Ander-
son et al., 1980]). Quantitative answers are required in
view of the potential importance of these mechanisms in
the context of stratospheric denitrification, which may
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become an increasingly relevant factor in a colder future
stratosphere [Waibel et al., 1999].

Notation

L lidar ratio = a®"/3%".
n  number concentration.

Rinod median radius of lognormal distribution.
o width of lognormal size distribution.
Siy..  backscatter ratio (unpolarized, parallel,

perpendicular).
T absolute temperature.
E(X) uncertainty of X (standard deviation).
X™meas  quantity X not corrected for instrumental
polarization bias.
o extinction coefficient.

o™’ aerosol extinction coefficient.
B backscatter coefficient.
34" aerosol backscatter coefficient.
54t aerosol depolarization.
6Vel volume depolarization (bandwidth 10 nm).

0¢ instrumental correction constant.
6By Rayleigh depolarization.
€ aspect ratio of spheroidal particle.
A wavelength.

AWT  Alfred Wegener Institute for Polar and
Marine Research.
NAT  nitric acid trihydrate (HNO3 - 3H,O).
NAH nitric acid hydrates.
SAT sulfuric acid tetrahydrate
(H2SO4 - 4H50).
STS  supercooled ternary solution
(HNO3/H2S04/H,0).
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